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1.0 INTRODUCTION

This sectlon discusscs the background leading to the Future Orbital Transfer Vehicle
(FOTV) Technology Study, the overall objective, key lssues, guidelines, and the approach
used in conducting the study.

Use of trade names or names of manufacturers In this report does not constitute an
officlal endorsement of such products or manufacturers, either expressed or implied, by
the National Aeronautics and Space Administration.

1.1 BACKGROUND

During the last decade, numerous studies have been conducted coricerning orbital
transfer vehicles (OTV). These studies have considered a wide range of technologies and
mission destinations, including various Earth orbits and lunar, planetary, and solar system
exploration.. Three OTV's or upper stages are currently included in the Space Transporta-
tion System (STS). These include the inertial upper. stage (IUS) and two spin-stabilized
upper stages (SSUS). When combined with the Space Shuttle, these systems provide GEO
delivery capability for payloads weighing up to 2300 kg. Such capability is expected to
satisfy the majority of the mission requirements through the late 1980's.

Missions beginning in the late 1980's are anticipated to be more ambitious; to satisfy
these requirements, NASA has recently focused on two additional types of OTV's, These
include a reusable cryogenic stage (defined in ref. 1) and a solar electric propulsion
system (SEPS) (described in "Alternate System Design Concepts Study for the Solar
Electric Propulsion System," NASA contract NAS8-33753). Both vehicles can be defined
as "first-generation" systems for their respective technologies: The reusable cryogenic
stage is envisioned primarily for transportation between LEO and GEO and planetary
missions. The system is generally launched with its payload using a standard Space
Shuttle and returned to Earth in the orbiter. Advanced versions of the system would
employ an aerobraking device to significantly improve performance. With a growth
version of the shuttle, the advanced OTV can provide delivery capability to GEO of
12 500 kg and 6000 kg for round trips. The SEPS is being initially designed for solar
system exploration. Key features include solar array for power generation and ion
thrusters for propulsion. It too is launched with Its payload by a standard space shuttle.
Further boost assistance is provided by the IUS to move the SEPS rapidly through the Van
Allen radiation belts.

Although the first-generation cryogenic OTV and SEPS are expected to satisfy a
large portion of the missions in the 1990's, several factors suggest further improvements
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in space transportation may be possible as well as necessary. These factors includes (1)
by the mid to late 1990's, individual mission necds are expected to Increase in additlon to
Increases In annual mass being transported to GEO, (2) orbital support platforms—are
recelving serlous consideration for-this time frame with one role belng the support of
OTV's, and (3) OTV designs and operations for the first-generation OTV's were constrained
by the launch system and technology avallable as of the early 1980's.

1.2 OBJECTIVES AND ISSUES

Recognition of the potential needs beginning in the mid 1990's led to the initiation
of the Future Orbital Transfer Vehicle Technology Study. This study had the overall
objective of building on the data base assoclated with the first-generation OTV's to
determiie the technologies required for the OTV fleet In the post-1995 time frame.
Within this framework, the specific objectives were to:

1. Examine the roles of future orbital transfer vehicles within an integrated space
transportaticn system in order to determine vehicle, operations, and technology
requirements.

2,  Develop baseline vehicle set(s) that satisfies the requirements.

3.  Determine-the benefit of accelerated technology improvements.

4. Definepath of technology evolution from the near term to the far term (e.g., from
first-generation OTV to future OTV baseline set).

The first objective dealt with defining the potential missions to be performed by
OTV's and the types of vehicles and technologies which would satisfy mission/payload
requirements. Since mission models generally contain a wide range of requirements, a
vehicle set consisting of more than one type or size of OTV may be necessary to provide
the least cost space transportation system. Use of accelerated technology generally tends
to provide better performance but also entails additional research and development costs.
Finally, to reduce cost and improve confidence, future OTV's should benefit from the
evoluticn of near- to far-term technology.

The specific issues associated with the study objectives are:

1. Would space basing of future OTV's provide an improvement in terms of the total
space transportation system and its operations?

2. Is there a role for an electric OTV in transporting cargo between LEO and GEO
when near-term mission models are employed?
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3. Would the use of accelerated technology rather than normal growth alter the results
of clther of the above lIssues?

4.  What tcchnological advances are necessary and which have the most payoff for
future OTV's?

For the most part; thesc issues refate to cstablishing the characteristics for second-
generation OTV's, One potentlal Improvement to the-assumed first-generation reusable
cryogenic OTV with aeroassist capability was that of space basing the OTV rather than
ground basing. Space-based OTV's have been. analyzed in other studies and at times
compared with ground-based OTV's. The studies, however, were limited by the amount of
data available on the related support systems, confined to only a comparison of flight
performance, or weré not analyzed considering all the related aspects of space transpor-
tation and opérations, The FOTV study, however, had the benefit of the recently
completed Phase A OTV study (ref. 1) and the in-progress Phase A study, "Space
Operations Center System Analysis," NASA contract NAS9-16151.

Electric orbit transfer vehicles, because of their high performance, also merit
consideration as a means for transporting large quantities of cargo to GEO. Previous
studies such as the Solar Power Satellite (SPS) (ref. 2) indicated solar electric OTV's to be
more cost effective than L.O.ZILH2 OTV's. Contributing to their success was the use of a
very large mission model, very low cost solar arrays, and a chemical stage that did not use
aerobraking. When viewed in terms of more near-term mission models and technologies,
such as those to be investigated in the FOTV study, a different outcome is quite possible.

The third issue involves the degree of readiness associated with technology. Normal
growth is defined as that which should be available at a given point in time with current
funding projections. Accelerated technology generally is viewed as providing higher
performance and is technically feasible but little or no money is being funded for its
development. Any resulting life cycle cost (LCC) imptrovement occurring as a result of
the accelerated technology should also include the basic research and development (R&D)
cost. The final issue is to identify those technologies that are necessary to achieve the
optimum OTV's for the post-19935 time frame.

1.3 STUDY GUIDELINES

The key guidelines used in performing the study are listed below. Those foilowed by
an asterisk (*) are from the statement of work; those followed by two asterisks (**) have
been mutually agreed upon by NASA and Boeing.
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l.  Technology to be avallable in 1990* %

2.  Vehicle to have 10C of 1995%

3.  Technology to be considered only in terms of OTV application*

4. 1995-2010 time frame to be considered for potential missions with major cmphasis
on Earth orbital missions*

5. Two levels of traffic models to be considered*

6.  Most cost-effective launch system to be selected* *

7.  Figure of merit to be LCC of total space transportation system (1980 dollars)*

Technology was to be available 5 years before the IOC of the OTV to easure a
smooth development program in terms.of final design and test. The emphasis on Earth
orbital missions (rather than-planetary) was specified to ensure that the OTV would be
sized by these requirements; which are expected-to dominate the bulk of the transporta-
tion needs in the next 20 years. Low and high traffic models were considered to test the
sensitivity of the candidatée OTV's. The opportunity to select the most cost-effective
launch system was considered significant since in several past studies the system was
edicted and, in most cases, had a significant bearing on the most effective OTV basing
mode or technology employed. Finally, the total transportation system cost was to
include all elements directly involved in transporting or providing services, including
design, development, test, and evaluation (DDT&E), production, and operations costs.

A final note relative to guidelines used to conduct the study dealt with the type of
OTV technology that would not be considered. Included within this area were nuclear
electric rockets, fusion rockets, laser rockets, and nuclear fission rockets. These options
were not considered for the following reasons: (i) it was judged there would be a very low
probability of availability for the indicated IO~ and (2) *hey were being examined in the
Advanced Propulsion Systems Concepts for Orbital Transfer Study (NASA contract
NAS8-33935), in progress at the same time,

1.4 CONTENT FORMAT

Section 2.0 summarizes key findings and conclusions of the study. The remainder of
the document is formatted to emphasize the detailed analysis concerning the two system
issues: (1) space- versus ground-based OTV's (sec. 3.0) and (2) electric versus chemical
OTV's (sec. 4.0). Within each issue, mission considerations and implications concerning
normal growth and accelerated technologies are included.
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2.0 SUMMARY OF KEY FINDINGS AND CONCLUSIONS

2.1 KEY FINDINGS
Principal findings of the study are reported here as responses to questions that
address the study Issues.

Would Space Basing of Future OTV's Result in an Improved Space Transportation System?

In.. terms of total transportation costs, there was no clear-cut answer. Cost
differences between the-basing modes range from an 11% advantage for the SB OTV to a
7% advantage for the GB mode, depending on the mode used to recover (return to Earth)
the key OTV elements. In the case of the ground-based (GB) OTV mode, the OTV's were
to be recovered and reused (expendable OTV's were not cost effective). In the space-
based (SB) OTV mode, propellant tankers were the key element requiring recovery
consideration. The significance of the recovery operations was that they had an influence
on which launch vehicle would be used which, in turn, was the largest contributor to the
mission model total transportation cost. Differences in flight performance, refueling, and
orbital support provisions were of secondary importance to the cost comparison.

This issue was analyzed using an advanced space scenario involving a mission model
beginning in 1995, 11 years in duration, averaging 115t of GEO-equivalent payloads pet
year, and requiring 182 OTV flights. The basing issue was analyzed from a total
transportation standpoint which involved all systems and operations necessary for launch
and recovery, orbital support, and performance of the OTV mission itself. A permanently
manned base was used to the best advantage of both basing modes. OTV's investigated
were considered as second-generation reusable systems using LOZILHZ propulsion and
normal growth technology available as of 1990.

The most cost-effective launch system for the advanced space scenario involved use
of both the Space Shuttle and a solid-rocket shuttle-derivative vehicle (SDV). The shuttle
was used to launch personnel, supplies, and a portion of the OTV payloads. The SDV
launched the majority of the payloads, OTV's, and/or propellant tankers. Cargo return (to
Earth) capability was not provided by the initial SDV investigated. Design provisions were
considered for the SDV that would allow cargo return, although this approach was judged
to have relatively high technical risk concerning reentry control and payload survival with
water landings.

The SB OTV mode was found to provide an 11% cost advantage for the case where
return cargo capability was not provided by the SDV. This advantage was the result of the
SB mode being able to resort to an expendable tanker but still use the SDV. The GB OTV
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mode, however, could not tolerate an expendable OTV (due to cost) nor were there
sufficient numbers of shuttle flights to return the OTV's. This situation required the
switch to a launch vehicle with return capability, such as the liquid-booster growth
shuttle.  Launch cost (per unit mass) was higher with this vehicle than with the
combination of shuttle plus SV, and this was the major contributor to the cost penalty of
the GB OTYV,

Should the higher risk SDV cargo return mode be considered, both basing modes
would benefit In relation to the results of no SDV cargo return capability. In this case,
the GB OTV mode showed the greatest improvement, resulting In a 7% cost advantage.
Contributing to the result is the fact that both OTV modes used the same launch vehicles;
however, the GB OTV does not require a tanker and has less space base support cost.-

In addition to cost, other factors were assessed to determine if différences existed
between the basing modes. The SB OTV was found to provide advantages in terins of
flight performance, launch manifesting, and more rapid access to GEO. The performance
advantage of 6% in payload for a fixed propellant loading occurs even after provisions
were incorporated for on-orbit maintenance and space-debris protection. More effective
launch manifesting occurs because with on-orbit propellant storage capability, launches
involving GEO-type payloads can also include a tanker loaded with enough propellant to
ensure a mass limited launch condition. A more rapid access to GEO also results from
there being an OTV and propellant storage availability at a LEO space base. Missions that
may require this feature include rescue of a manned systemn, servicing of a critical space
systemn (assuming spares are available at the base), or special reconnaissance. The SB
OTV could initiate the mission in less than | day because it is kept in a state of readiness
except for refueling.

In summary, the cost difference between the basing modes was not overwhelming;
however, the SB OTV mode can provide operational advantages and has a greater cost
improvement potential with use of accelerated technologies.

Is There a Role for an Electric OTV in Transporting Cargo to GEO?

This issue must be viewed in the context of totul OTV transportation requirements.

An electric OTV (EOTV) with long delivery times (cost optimum of 180 days) and much
exposure to Van Allen radiation does not satisfy the delivery needs of most payloads or
high priority missions such as manned and DOD payloads requiring rapid delivery. These
requireients, however, can be satisfied by a chemical OTV. Consequently, the Issue
becomes that of compdring two different fleets: the first is a mixed fleet of high-
perforimance electric OTV's for trip-time-insensitive cargo plus chemical OTV's for high
priority inissions; the second Is a fleet of chemical OTV's for all wmissions.
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when viewed from this standpelnt, the all-chemical SB OTV fleet provided a 23% " !
advantage In transportation life cycle cost over the mixed fleet when normal growth j
technology was uscd. High production costs for the EOTY, In addition to the nced for a
cheinlcal OTV, were the major contributors to the higher cost of the mixed fleet.

These rosults were based on a mission model that began in 1995, had a l6-ycar ‘ b
duration, and averaged 300 t/yr of GEO-equivalent payloads of which 110 t/yr were judged v
to be EOTV compatible. The launch vehicle flect again consisted of a basic STS and SDV
with reusable payload-system (RBS). The EOTV used technologies that were considerably
improved. over those provided by SEPS, which was the assumed first generation electric
OTV. Principal features of the power-generation system. were silicon cells that were 3% _
more efficient, six times larger; 25% as thick, and 50% as costly. Electric propulsion ,
employed argon ion thrusters with twice the specific impulse and power processors with ‘ h
specific masses only 25% as large. The most dominating factor regarding sizing and
ultimately the cost of the- EOTV was the solar array degradation caused by Van Allen
radiation. One LEO to GEO round trip with a lightweight array resulted in a 60%
degradation of its initial power. Options investigated to minimize degradation and/or
amount. of power required were (1) a heavily shielded array, (2) faster transit through the
radiation belts using chemical assistance, (3) concentrated arrays, and (4) thrusters using
less power (arc jets). The heavy shielding concept using 300-um cover, 50-um cell, and
250-um substrate had the best all-arouna characteristics when using normal growth
technology that did not include annealing or GaAs cells. i

Would Accelerated Rather Than Normal Growth Technology Alter the Results of Either of ‘.TJ
the Above Issues? E

Use of accelerated technology provided improvements to all vehicles investigated— S
however, not to the extent of changing the major conclusion associated with either the

basing or fleet makeup issues.

In the case of the OTV basing issue, use of accelerated technology such as I.F"ZILH2
provided substantial reductions in stage length (25%) and propellant loading (15%). Life
cycle costs, however, were not appreciably different from the normal growth technology
vehicle because of higher DDT&E and production costs. The SB OTV tended to benefit
more fromn this technology because the reduction in propellant could be reflected in fewer g
SDV tanker launches.

Accelerated technology had a significant payoff for EOTV's. The most significant
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iinprovement was that of removing radiation damage by anncaling. Little cost difference

was found between silicon and gallium arsenide (GaAs) solar arrays when both incorpo-
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rated annealing features,  The lower performance and alightly higher radiation sensitivity
of the silicon cells were offset by thelr better effectiveness in terms of annealing and
lower unit cost.  The mest advanced accelerated technology EOTV investigated reduced
the average unit cost by 50% relative to the normal growth EOTV. However, when viewed
in the context of total OTV transportation requirements, the all-chemical OTV fiect
employing normal growth technology still provided a 5% cost advantage, as well as
operational advantages over a mixed fleet comprised of chemical OTV's and accelerated
technology EOTV's.

What Technoiogical Advances are Necessary and Which Have the Most Payotf for Future
oTV's?

Based on the results of the two vehicle-level issues, the OTV-having the greatest
promise for the 1995-2010 tiine fraine is an advanced, reusable LOZ/LHZ system. The
technologies suggested must be related to a point of departure—in this case a first
generation, ground-based, reusable LQZILH2 OTV with RL-10 IIB main engine and an
insulated ballute for aeroassist capability. The most significant critical/énabling tech-
nology associated with the second-generation OTV (GB or SB) is that of space-debris
protection for large thin-walled cryogenic tanks designed to fracture inechanics criteria.
Of particular interest are the shielding benefits provided by composite materials.
Oh-orbit refueling and maintenance are nécessary for the SB OTV. In the case of
refueling, zero g propellant transfer provisions must be provided in addition to systems
that minimize propellant storage and transfer losses. Maintenance considerations will
dictate very high quality components, modularization, and computer-aided self-diagnosis.
Normal grewth in LOZ/LH2 engine technology is expected to provide higher performance
and longer life. lmprovements in ballutes for aeroassist capability should also be pursued
ih the arecas of advanced materials and techniques that would allow use of transpiration
cocling, resulting in significant performance gains.

2.2 STUDY CONCLUSIONS

The following conclusions are presented with the assumptions that (1) the basic STS
is an operational system, (2) a reusable ground-based LQ?./LH?. OTV with aeroassist
capability and a space base such as the SOC are firmly in the planning cycle, and (3) GEO-
equivalent payloads can be as high as 300 t/yr.

1. Reusable LOZILH2 OTV's can serve all general-purpose cargo roles between LEO
and GEO for the foreseeable future.
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Electric propulslon used with photoveltalcs may be warthwhile for specialty missions

(e.g high energy, heavy payload, en-orbit statlonkeeping) but not for LEO to GRO
cargo delivery In the foresceable future.

Space basing of OTV's can provide cost and operational beneflts relative to ground-
based OTV's.

technology cfforts (acroassist and new engine) should
continue because they pay for themselves and offer performance inargins,

Accelerated technology for chemical OTV's docs not appear justified if the most

cost-effective launch system (SDV) Is employed.

Key critical/enabling technologies that should be initiated for future OTV's Include

space-debrls protection and propellant storage/transfer.

A possible OTV evolutionary path may include the following steps:

a. Initiate operation with a shuttle-optimizeu, ground-based, reusable OTV,

b.  Oncte a space base (e.g., SOC) is avallable, use capability to Integrate ground-
based OTV/payload and OTV/Earth-return gystem.

¢ Switch to full space basing of OTV after key servicing features required by the
OTV have been demonstrated at a space base. Key OTV support provisions to
be provided by the space base include hangars and propellant storage facilities.
A space-based CTV and hangar are shown in figure 2.2-1. The hangar has the
dual role of providing OTV protection against space debris and serving as a
facility in which to perform maintenance.

The most significant reduction In advanced space scenario transportation cost can

be achieved through development of a shuttle-derivative cargo launch vehicle.
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Figure 2.2-1 Space-Based OTV and Hangar
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2,0 SPACE- VERSUS GROUND-BASED oTV's

This section presents the complete analysls assoclated with the comparison of
SPACE- Versus ground-based OTV's, The princlpal iubsections include mission analysis, the
definitlon and comparigen of OTV's uslng normal growth and accelerated technolegy, and
the everall findings and recommendations.

3,1 INTRODUCTION
The scope of the analysls asseelated with the OTV basing mode comparison 1s shown
In figure 3.1=-1. The SB OTV, once launciied, essentlally reinains on orblt throughout its

POTVTE:327

¢ 5B OTV REMAINS ON-ORBIT *

o GB OTV RETURNS TO EARTH
AFTER EACH MISSION

e OTV FLIGHT
OPERATIONS

RECOVERY FLIGHT READINESS
OPERATIONS o DIFFERENCE IN FLIGHT PERFORMANCE

¢ MAGNITUDE OF OTV REFUELING LOSSES
o DIFFEARENCE IN LAUNCH AND RETURN
OPERATIONS

¢50C OPERATIONS KEY ISSUES
¢ IMPACT OF SPACE DEBRIS PROTECTION
’ ¢ LAUNCH AND o MAINTENANCE PROVISIONS TO ENSURE
m o IMPACT ON SPACE BASE

Figure 3.1-1 OTV Basing Concepts—Integrated Transportation Operations

design life. The GB CTV s returned to Earth after each flight to allow servicing.
Included within the scope of an integrated transportation assessment of the basihg modes
aret (1) all launch and recovery operations, (2) all operations necessary at an orbital base,
and (3) all operations associated with the actual OTV flight. Areas which were expected
to show a difference between the basing modes are indicated as key issues and are
discussed In detall in subsequent sections of this document. A brief discussion of each
issue Is Included in the following paragraph.
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The Impact of space debria (meteoralds and manmade) pratection in terms of mass
penalty was expected to be greater for the SB OTV because Itn structural provislens
normally would be designed to sustaln enly flight leads, whereas the GB OTV structure
must sustaln launch loads for a fully fucled condition. Continucd on-orblt sterage alse
presents o unique space debrls protection requirement for tho SB OTV. Vehicle design
features to allow on-orblt malntenance In a rcasonable amount of time and with a
minlmum of persennel arc also expected to affoet the SB more than the GB OTV beeause
SB OTV malintenanee manpower Is much more constrolned. Flight performance comparl-
sons In the past have usually shown up to a 10% advantage for 8B OTV. With dry mass
Increases In the areas of debrls protection and maintenance, the advantage may be
appreclably decreascd. Refueling losses cover all aspects of the storage and transfer of
propellant to an SB OTV. The Impact of the losses Is that of additional launch vehicle
flights. Differences in launch operations will be expressed In numbers of launches as
brought about by cargo manifesting. Recovery operations deal with how OTV's or
propellant tankers are returned to Barth for servicing and reuse. The impact on the space
base Involves the number of personnel required and equipment directly assoclated with
support of an OTV,

A final comment of the overall operational concept deals with a further explanation
of the indicated orbital base. The base Is indicative of NASA's Space Operations Center
which is to be a permanently manned facility. Although SOC Is still somewhat
controverslal In terms of required time frame, an avallability by 1995 (5 years after
JSC/NASA goal) appears within reason and would coinclde with the operation of a second-
generation OTV. It should be mentioned, however, that an OTV basing mode comparison
with an unmanned platform available in LEO for support operations Is also a possibility
but Is not analyzed in this study.

3.2 MISSION ANALYSIS
This section describes the mission model, the assumed time phasing of the missions,
and the requirements imposed on the space transportation system.

3.2.1 Background

The mission model was developed using guidélines presented in the statement of
work and data resulting from the Phase A OTV studies. The key guldelines from the SOW
included the followings
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1. Misslohs that could occur in the 1995-2010 time frame.

2,  Two scenarles or misslon medels to be used, with one model helng greater in
magnltude In order o assess the merlts of more advanced OTV ecancepts. .

3.  Misslon catogoeries to Ineluder (1) large automated satellites (LAS) that require P
assembly or censtruction and are used at GEO, (2) free-flying automated satellites
(FFAS) used in GEO, (3) cargo delivered to a GEO base, (4) manried round tripa
between LEO and GEO and, (5) other, reloting to those misslons which may fall
outslde the previeus feur catcgorles.

T S e G

Conslderations for ualng data from- the Phase A OTV study were based on several b
factors, includings (1) considerable effort had been expended In developing thie model and D
Involved participation by NASA, the Alr Force, and study contractors, and (2) there was a ' ~ 1
5-year overlap In-model time frames (1987-2000 for Phase A and 1995-2010 for FOTV), A . ?
final declsion relating to the mission models was that a space operations center would be {
avallable in LEO in the early 1990's; therefore, launch requirements should consider crew
rotation and resupply of this base.

3.2,2 Model Description

An overview of the mission models consldered Is presented in table 3.2-1. Included
are the mission names, brief descriptions, and assignment to either low or high models. 3*’ 3
The low model misslons are those that were to be used in the comparison of SB and GB :
OTV's. It will be noted, the low model Includes several types of missions which were
considered outside the time frame of the Phase A OTV nominal model (revision 2). The
high model was to be used In the comparison of OTV ileets consisting of electric and
chemical OTV's versus all-chemical OTV's. Further discussion of the high model occurs In
section 4.0,

The time phasing of the missions for the 16-year model is shown in table 3.2-2,
Again, the first 5 years of the model are essentlally the same as used in the Phase A
nominal model (revision 2). The last 11 years involve more of the same types of missions
and Introductions of elther the new mission, previously identified In table 3.2-1, or an Ly
advanced design such as for mission No. 2. Although the durations of the Phase A and
FOTV models are nearly the same (14 versus 16 years), two of the mission typeés Int the
FOTV model involve a significantly greater number of payloads. First, there are a greater
number of GEO base Support missions (crew rotation/resupply), since the base Is present
for 12 rather than 2 years. Second, since there are more satellites in orbit with the later
time frame, more servicing (manned and unmanned) missions are required.
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3.2.3 Transportation Requirements
The major transportation requirements imposed by the missions/payloads arc shown
in table 3.2-3. A key featurc of these data is that the number of missions reflects an 11-

Table 3.2-3 FOTV Low Model (11-Y ear) Mission-Imposed Trandportation Requirements

~ G
FOTVTA10 nslsstou ufléa; MASS (MT) LENGTH (M)
1. comMM PLAT 7 6.8 7.6 0.2
YV @ ADV COMM PLAT [T ] 31.8 27.4 0:2
® peERs commsaT > 6 24,5 18,3 0.1
4. SPACE BASED RADAR 2 11.4 18.3 0.1
6. DOD CLASS 3 6 11.4 7.6 0.1
@ DEEP SPACE RELAY SAT, 1 6.8 7.6 0.1
@ soLAR TERR, OBSERV. 1 11.0 18.3 1.0
10. pop CLASS 1A 22 2.7 7.6 3,0
10a. DOD CLASS IB 7 4,0 9-12 3.0
11. DOD CLASS 2 4§ 5.5 6.1 1.0
12, COMMER & NASA 12 4,5 7.6 3.0
©. GEO BASE MODULES 2 158 20 2 3.0
@. cE0 BASE EGQUIP, 3 9 6.1 3.0
15. SAT. MAINT, PROV, 7 [&> 2 > 1.8 3.0
18. GEO MAINT. SORTIE 1l 5.9/5.9 4.0 3.0
V@ BAsE supp (cr/Rs) 26 7.6/5.0 4.0 3.0
@) SCIENCE SORTIES 2 8.1/8.1 4,0 3.0
22. UNMANNED SERVICING 63 4.8/0,9 7.6 3.0
23. PLANETARY __§__ 5 7.6 3.0
182 T = 1280

[~ REQUIRES CONSTRUCTION ON ORBIT [i> INCLUDED WITHIN MISSION 19 up

#” DRIVER MISSIONS (O CIRCLED MISSIONS ARE DIFFERENT FROM PHASE A
rather than 16-year model. This reduction was thought necessary because of the concern
that with a large model, a potential advantage would be available to a more advanced
system which, in this comparison, would be the SB OTV., Even with this limiting factor,
however, approximately 40% more payloads are involved and the GEO delivery equivalent
(accounts for round trip payloads) mass of almost 1300t is nearly twice that of the
Phase A model. Should the 16-year model be used, a GEO delivery equivalent of over
2000t would otcur.

Acceleration constraints are assumed for those payloads requiring final assembly or
on-orbit construction. The largest delivery mission is nearly 32t compared with 11.5t for
the Phase A model. The largest round trip mission was 7.6t up and 5.0t down, as
compared with 5.9t up and down in the Phase A, Delta-V's and timelines assoclated with
the missions are presented in section 3.3.5.
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3.3 NORMAL GROWTH TECHNOLOGY VEHICLES

This sectlon provides a complete description of both the SB and GB OTV which use
normal growth technology. All aspects of vehicle design and operatlon are discussed, as
well as a comparison of the life cycle cost. It should be noted that a number of -topics in
this sectlon reflect the use of the selected launch vehicle family which consists of the
basic STS and an SDV. The STS is used to launch crews and some payloads, while the SDV
delivers OTV's, tankers, and most of-the payloads. The analysis associated with the launch
system selection is presented in section 3.3.11.

3.3.1 Assumptions and Guidelines
Key assumptions and guidelines used in defining the OTV's follow:

1. Point of departure~BAC Phase A OTYV.

2. 1990 technology availability.

3.  Stage design life=45 missions.

4. Propellant tankers and storage tanks design life—50 ¢ycles.

5. OTV misslon success goal = 0.97.

6.  Space debris probability of not impacting OTV propellant tanks = 0.995.

7. Manned OTV to incorporate two engines.

8.  Space transportation elements limited in size to allow return to Earth by STS
orbiter.

9.  OTV design reference missions: ground trip (LEO-GEO)-GEO base support (crew
rotation/resupply) 7.6t delivery, 5.0t return; delivery only (LEO-GEO)-advanced
communication platform, 31.8t, 0.2g maximum.

10.  SOC altitude—370 km (by FOTV analysis).

A brief explanation concerning several of the assumptions follows. First, the Boeing
Phase A OTV (also referred to as first generation) was used as a point of departure. This
particular analysis had characterized the first-generation reusable 1.02/1..H2 OTV with
aeroassist capability in considerable detail and provided a strong data base for developing
a second-generation ground-based or space-based OTV. A stage design life of 45 missions
seemed to be a reasonable point since the Phase A study assumed 20 (due in part because
a number of stages had to be expendable and designing more capability into the system
was not beneficial) and the shuttle orbiter assumes a 100-flight design life.

The mission success goal was the same as used in the Phase A study but, in the
FOTYV study, was to include the contribution of subsystems and space debris. Use of two
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main engines resulted partly from the situation where a new maln engine rather than
RL-10 derivative was to be used and i¢s predicted rellabllity was not as high. 1t should be
noted, however, that the number of engines Is not a decliding factor between the basing
modes as long as both modes use the same number. Transportation elements such as
OTV's and tankers were to be sized (l.e., envelope) so they could be launched by the STS
and returned by the orbiter. Launch system analysls would determine if the STS was the
correct system to launch .and return the elements. The two indicated design reference
missions resulted after reviewing the mission model and conducting a preliminary
performance analysis on several delivery and round trip missions. The indicated SOC
altitude was the result of an analysis performed in the FOTV to determine the most cost-
effective altitude considering launch and orbit transfer requirements.

3.3.2 Normal Growth Technology Projections
3.3.2.1 Background

The normal growth technology projection provides the funhdamental basis for the
design of-the OTV's, With an 10C of 1995, an approximate readiness date of 1990 was
assumed for the various technologies. Normal growth in the context of this forecast
means that funds are either being expended or are planned to bring the technical risk

down to a reasonable level for initiation of DDT&E by this readiness date. All R&D -

sources are considered, including NASA, the military services, Department of Energy
(DOE), and other branches of Government, the academic community, and industry.

Input data were obtained from the technology forecast indicated in reference 3 and
through discussions with individuals and organizations throughout Boeing. Various NASA
and other sources were in turn consulted by Boeing specialists or study participants.

3.3.2.2 Projections

A summary of the notmal growth projections for 1.02/1..H2 OTV's is presented in
table 3.3.2-1. These data are presented to indicate the projections for the FOTV trelative
to the first-generation reusable cryogenic OTV assumed to be similar to that defined by
the Phase A OTYV study.

Structure - Continued use of 2219 T37 aluminum is envisioned for the maln propellant
tanks because there appears to be no ldentifiable substitute material which will yield a
lighter and more reliable tank design. Composite overwrap designs do not appear to offer
any significant weight or cost savings for the relatively low pressure main propellant
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Table 3.3.2-1 Chemical OTV Normal Growth Technology Projections

FOTVTGI28
4 BAGELINE OTV
SUBSYSTEM (BAC PHASE A) FOTV BENEFIT
® STRUCTURE
® TANKS ALUM NO CHANGE -
® BODY SHELL G/E GANDWICH BETTER PROPERTIES 10% IN WY,
® AVIONICS RING ALUM /e AORINWT,
o DALLUTE INSULATED TRANSPIRATION COOLED BO% INWT,
® THERMAL CONTROL
o RADIATOR NO HEAT PIPES WITH HEAT PIPES 10% LESSWT & AREA
® AVIONICS PASSIVE ACTIVE 20% NET-WT REDUCTION
o AVIONICS o REDUNDANT IMU o LASER GYRO 35% LESS POWER
o SIGNAL CONDITIONERS ¢ DATABUS 3% LESSWT
IMPROVED RELIABILITY
© ELECTRICAL POWER
® FUELCELLS o MODIF. SHUTTLE o ADVANCED o 38% IN POWER/WT
o BATTERIES o NiHp e ADVANCED * 30% IN WHA/LS
® MAIN ENGINE o RL10IIB o NEW LOo/LH; ENGINE o ISP = +23 8EC (435 vs 462)
© 100% IN LIEE (10 vi. 6 hrs)
) . eoWT+16KG
® ATTITUDE CONTROL o Nty ® NO CHANGE ,

) ¢ CONTROL AUTHORITY
o DECAYING THRUST o FIXED THRUST DURING-DOCKING

tanks but are useful for high pressure tanks. Minimum aluminum thickness considerations
wlill remain at approximately 0.6 mm (25 mils) for the main propellant tanks. Body shells
will continue to use composites with a 10% Improvement in strength and stiffness
properties suggested. The resulting weight is 60% as heavy as compared with aluminum.
Facing sheets for the sandwich design are expected to0 be 0.25 mm (10 mil) in thickness.
The avionics ring assembly material has been allowed to change from aluminum to
composite because an active rather than passive cooling system is used.

Ballute - The ballute Is an inflatable drag device used to reduce the velocity of the otV
(rather than via propulsion) prior to insertion into LEO, The ballute used In the present
Phase A aeroassisted vehicle uses Kevlarl cloth overlaid-with insulation. Technology
avallable by 1990 should allow transpiration cooling of the ballute. This Is accomplished
by redesigning the ballute structure to reduce or eliminate the Insulation and increase
porosity to provide natural transpiration cooling (ref. 4). The benefit of this approachisa
50% weight reductlon (coolant gas plus bag) for the ballute unit and a 60% reduction In
packaging volume.

Ieviar and Kapton: registered trademarks of E. I duPont de Nemours and Company, Inc.
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Thermal Protection and Control - Impravements were Identified for multilayer Insulation
(ML) coatings, heat pipes, and radlators. The MLI mass per unit arca should be reduced
by 10%-20% due to thinner Kaptoml film. Improved coatings are expected to enhance the
absorptlvity In the visible to emissitivity In the Infrared (dslem) characteristics from
0.277 for the first-generation OTV to 0.16 for the FOTV. Use of an active rather than
passive thermal control system for avionics is suggested and will provide a weight
reduction as well as an improvement .in reliability due to operating at a lower
temperature. Heat pipe performance will improve 10% by using electrostatic or
mechanical pump assist to move condensed fluid back to the hot end. A radiator
performance improvement of 10% is expected in terms of welght and area as a result of
improved coatings and addition of heat pipes.

Avionics - Two significant changes in the avionics as a result of 1990 technology will be
use of laser gyros in the guidance and navigation (G&N) system and a data bus. for data
management. These systems provide an improvement in reliability as well as decreases in
power-and weight. Significant improvements are also expected in computers because new
processor designs make use of advanced microcircuits or nanociiculiss The other avionics
components on the Phase A OTV_design were also reviewed for 1990 characteristics with
the net result of the total avionics system showing a 35% reduction in power and 30% in
weight. An additional set of equipment required for the second-generation OTV will be

rendezvous and docking avionics since all OTV basing options will interface with the Space
Operations Center.

Electrical Power - Fuel cells currently being suggested for the Phase A OTV are modified
STS orbiter cells. The 1990 technology OTV will use the lightweight fuel cells currently

under study by NASA LeRC. The result is an approximate 38% reduction in weight fcr the
same power output,

Main Engine - Phase A studies concerning a new L02/l.,H2 engine for OTV application
were completed in 1979 for NASA MSFC by Pratt and Whitney Aircraft Croup (report
FR12253), Rocketdyne Division (report ASR79-126), and Aerojet Liquid Rocket Co.
(report 32999-F). These studies Investigated both staged combustion and expander cycles
for thrust levels of 66 000N. Chamber pressures ranged between 11 730 kPa (1700 pslaj
and 15 180 kPa (2200 psia) depencing on engine cycle. Nozzle area ratios between 500 and
730 were Iinvestigated. The key benefits of these new engines over the RL-10 1IB of the
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Phase A OTV were an Isp of 485 sec versus 462 sec and 10 hr (330 start/stops) versus 5 hr
between overalls,

Englnes using LoleMH were not considered because (1) analysls performed in the
Future Space Transportation System Study (ref. 5) Indicated a considerable performance
penalty relative to l'..ozll.H2 and (2) only a small length Improvement was obtalned. With
strong consideration glven to use of shuttle-derivative launch vehicles, the length
constraint tends to be less severe; In addition, SB OTV's always have their payloads
launched separately.

Engines using propellant such as l..Fz/l.H2 were judged to be in the category of
accelerated technology and are discussed In section 3.4,

Engine Inlet Pressure Trade - Pecullar to the SB OTV main engine technology projection
was the Issue of engire inlet pressure. The aforementioned engine studies assumed an
inlet pressure of 110 kPa (16 psia) primarily because of application with a GB OTV. The
analysis performed In the reference 5 study was primarily oriented to an SB OTV which
allowed consideration of a lower inlet pressure, such as 69 kPa (10 psia), resulting in lower
tank pressures which reduced the dry weight and, finally, less propellant for a given
mission. The penalty to achieve the loveer inlet pressure, however, was not assessed. A
comparison betwéen OTV's using these two inlet pressures was performed in the FOTV
study, using the OTV definition avallable at the end of the first quarter, and in
conjunction with the refueling analysis (sec. 3.3.9) since the OTV, storage tanks, and
tanker are all involved.

The comparison of the two engine inlet pressures involves not only the flight
elements but aiso ground testing operations. Testing of the low inlet pressure engine
would most likely require rather extersive modifications to existing test facilities. The
prop....nt tanks would have to be built to withstand the internal pressures of less than
101 kPa (14.7 psia). Also, continuous vacuum pumping facilities would be required to
maintain 59 kPa ullage pressures during test runs because of heat leak and stratification
of the cryogenic propellants. Actual propellant tank conditions would have to be
malintained at less than 69 kPa ullage pressures due to the gravity head on the engine Inlet
because of the propellant height, thus increasing the costs of maintaining conditions
stated above. In addition, increased refrigeration equipment would be required to provide
propellants cooled to 69 kPa saturation conditions for each test run.

Difference between the flight elements originates with the engine inlet pressure (69
versus 110 kPa), translates to differences In OTV maximum vent pressures (110 versus 166
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kPa), which in turn atfects SOC propellant-storage tank pressures (124 versus 179 kPa),

and finally propellant tanker pressures (159 versus 214 kPa),

The performance and cost comparison of the two inlet pressure options Is sum-
marlzed in table 3.3.2-2, Stage dry welight for the 69 kPa system is less duc to lower tank

Table 3.3.2-2 Engine Inlet Pressure Comparisen

OTV_CHARACTERISTICS (kg) 110 kpa 69 kPa
STAGE DRY Wt, 2263 2187
S$TAGE BURNOUT. 2773 12605
PROPELLANT PER FLT, 28817 28243
$S0C/0TV TRANSFER LOSS 620 822
NET PROP, A PER FLT - 372
NET PROP. A 11 YRS, - 66950
TANKER CAPACITY
PROP PER FLT, + 318
SOC STORAGE TANK NO SIGNIFICANT DIFFERENCE
COST
¢ PROP LAUNCH COST -$324
e OTV UNIT COST NO SIGNIFICANT DIFFERENCE
® GROUND TEST FACILITIES +TBD

weight resulting trom lower pressures and, to some degree, to smaller tank volumes due to
less propellant and higher density propellant at the lower pressures as Indicated below:

69 kPa 110 kPa
LO, density (kg/m’) 1158 1136
LH, density (kg/m") 72 70
LO, temp °R) 3 37
LH, temp (°R) 180 186
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Burnout welght reflects the dry welght as well as residual gases, Propellant per
flight Ia based on the Indicated burnout welghts and a erew rotatlon/resupply misslon with
7.6t delivered and 3.0t returned. Transfer losses relate to refueling concept Bl, doscribed
In sectlon 3,3.9, and are higher for the lower pressure system due to Its thermodynamics
(densities and enthalpy). SOC storage tank mass will be slightly less but, since it Is only a
onc-time penalty, this Is not significant. Tanker capacity for the 69 kPa system would
probably result In an Increase In usable propellant of approximately 320 kg out of
61 360 kg.

The comparlson indicates the 69 kPa system to be approximately $30M less on a
recurring cost basis. It Is judged, however, that the ground facilities required for such a
system will offset a large portion of this difference.

The recommendation at this time is that the engine inlet pressure remain at 110 kPa
for an SB OTV belng used to satisfy missions similar to those identified in the FOTV study.
With larger OTV's and/or larger mission models, the 69 kPa systein may have recurring
cost benefits which would more significantly offset the ground facllities cost and make
the lower Inlet pressure worthwhile.

Attitude Control Propulsion - This system is used for small delta-V maneuvers as well as
attitude control. The total estimated requirement is approximately 40 m/sec. An NZHQ
system was used in the Phase A OTV., An !.OZ/I.H2 system Is judged to be feasible by
1990. A comparison of an N,H, (Isp = 220 sec) and an LO,LH, (Isp = 400 sec) attitude
control systém (ACS) was performed using the SB OTV definition resulting from the first
quarter definition. The result of this trade is shown below:

N,H, ACS  LO,/LH, ACS

Vehicle burnout (kg) 2 810 2970
Total refueling req't (kg) 29730 29 860
Main propellant (kg) 29 410 29 680
ACS propellant (kg) 320 180

The vehicle burnout welght using an L()zll.l-i2 ACS is more, primarily because of the
LO,/LH, accumulators (sized to supply up to 50% of propellant requirement) and more
residuals, On a per-flight basls, the total refueling requirement (main propellant plus
ACS) Is 130 kg less for the Nsz ACS vehicle as a result of its lower burnout weight.
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Therefore, due to less refucling mass and a significantly simpler syatem, the NZIH“ ACS — CA
Is recommended for this slze of OTV, A change relative to the Phase A OTV Is that a )
( Constantrather than decaylng thrust level s recommended to allow full control autherity -
because the OTV will be the actlve unit In Its docking with SOC.

nf Refueling Systems - Technology assoclated with these systems Is diseussed In sectlon
3,39,

3.3.3 Space-Based OTV Description 1
3.3.3.1 Operational Description '

The SB OTV is Initially launched without propellant and payload. The vehicle is :
based at an orbital space platform in LEO., In this case, the platform Is the Space i
Operations Center which through analysis has been shown to operate most cost-effectively 2
at 370 km. Payloads, flulds, and spares for the OTV are delivered to the base by the Earth
launch systems in a sequence which allows at least two OTV flights prior to another
launch system delivery. Prior to each ot its flights, the OTV Is serviced in terms of , .
scheduled and unscheduled maintenance, payload mating, and loading of consumables and _' 3
flight programs. Should a maintenance action not be possible on orbit, the OTV wlll be
returned to Earth.

Typical flight operations for a delivery mission are as follows. Followlng separation
from SOC, the OTV/payload combination phases in LEO until the correct nodal crossing
occurs, Two perigee burns are used to Inject the system into a LEO-GEO transfer orbit.
A midcourse correction is performed during the coastout to GEO, Following circulariza-
tion at GEO, a trim burn achiéves the desired destination orbit. After separation from
the payload at GEO, a transfer orbit injection burh places the OTV in a GEO-LEO transfer
orbit, which will result in a perigee within the atmosphere so that aerobraking can be used
to reducé the velocity to near-LEO circular velocity. The key characteristics of the
aerobraking concept are illustrated in figure 3.3.3-1. A midcourse corraction burn during
the GEO-LEO transfer increases the perigee altitude accuracy to the necessary level for >
aerobraking. Upon completion of the aerobraking maneuver, the ballute is jettisoned and |
the OTV coasts to an apogee. A burn is performed to raise the perigee out of the
atmosphere and up to the desired LEO altitude. A last burn at perigee circularizes the
OTV at LEO. The final maneuver involves the docking at the space base. Further
discussion of the aerobraking maneuver is provided in section 3.3.5.1.

e e L
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Figure 3.3.3-1 Aeroassisted Vehicle Maneuver

Once back at the base, the OTV is housed in 4 hangar for protection against space
debris. The hangar also allows malntenance to be accomplished more easity. Housekeep-
ing needs (power, thermal, and data links) for the OTV are provided by SOC systems,

i kS 5

3.3.3.2 Contiguration Description

The configuration of the SB OTV is presented in figure 3.3.3-2, with overall
geometry and physical charcteristics noted. Main propulsion thrust Is provided by two
advanced space engines, each having a vacuum thrust of 66 700N, The envelope for the
engine Is indicative of an expander cycle engine which would result in the greatest
challenge (due to size) in physical integration. These engines provide thrust for all orbit
transfer maneuvers including low thrust application during the GEO-to-LEO aero-
maneuver. A hydrazine attitude control system provides thrust for vehicle orlentation
and rendezvous and docking maneuvers. The spacecraft structure conslists primarily of a
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NOTE: ALL DIMENSIONS IN METERS
Figure 3.3.3-2 Space-Based OTV Configuration

body shell enclosing strut-supported main propellant tanks. The body shell Is of composite
design. Main propellant tanks are of 2219.T87 aluminum. Meteorold/debris protection is
provided by the combination of sandwich skin panels and a single-wall aluminum shield
which Is supported on standotfs located on the back side of the skin panels. A multilayer
insulation (MLI) blanket around each main tank provides for propellant boiloff control.
Electrical power is provided by O,/H, fuel cells. A transpiration-cooled ballute Is used to
effect the GEO-to-LEO aeromaneuver.  Space maintenance provisions allow for
monltoring/replacement of selected critical components, including the maln engine.

A summary mass statement Is presented In table 3.3.3-1. The mass fraction of
0.8638 reflects the gross welght of 37 693 kg and the total main impulse propeliant load of
32 560 kg (32 289 kg nominal, 271 kg reserve).

Each of the Items In the summary mass statement, exclusive of payload, is discussed
in the following paragraphs, Including definition of rationale for mass estimates.
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Table 3,9.9-1 SB OTV Design Reference Mission Summary Mass Statement

_
MA
0 )
STAUCTURE 1447
Iﬁvmﬁ&dég CONTROL - g;
ELEETRICAL POWER BVSTBMJBPB’ 24
MAIN PROPULSION SYSTEM 691
ATTITUDE CONTROL SYSTEM (A@’ 1268
SPACE MAINTENANCE PROVISIONS 218
WEIGHT GROWTH MARGIN 408
(DRY WEIGHT - LESS BALLUTE) | (3697)
REGEAVES &2
U'TE URNOUT WEIGHT) ﬁggi
INFLIGNT LOSES 382
gEL CELL REACTANT 48
ATTITUDE CONTROL PROPELLANY 328
MAIN IMPULSE PROPELLANT 32,289
pay OTV GR ROSS WEIGHT) (aviggu
(OTV + P/L WEIGHT (48,380)
OTV MASS FRACTION . 0.8638
‘!> GEO BASE SUPPORT
(CREW ROTATIONIRESWPLY’
7600 KG UP, 5000 KG DOWN

Structure—This group consists of the followings LH2 and LO, tanks, body shell,
docking/service/equipment/avionics assembly, thrust structure, meteorold/debris shield-
ing, and ballute Installation fixed items. Total mass Is 1447 kg.

LH2 and 1.02 Tanks=The tanks contalning the liquid hydrogen and liquid oxygen are
all-welded 2219-T87 aluminum pressure vessels. The tank pressure shells are designed by
room ternperature pheumostatic proof test conditions corresponding to 0.4g Initlal
acceleration with maximum ullage pressure of 152 kPa (22 psia). To satisfy a 45-mission
service life requirement with minimal probability of leakage subsequent to a successful
proof test and leak check, the tanks are designed using cohservative fracture mechanics
design data (l.e., "lower boundary" data in lieu of "best fit" data). Consistent with a
lightwelght design approach; the oxygen tank Is not pressure cycled (purged) between
missions. Refueling operation procedures, however, indicate a preference for a hydrogen
tank which has been purged between missions. A minimum pressure shell thickness of
0.064 cm was Incorporated. Fiberglass support struts are used to suspend the tanks from
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the body sheil. The LH, tank mass Is 354 kg, 7.6% of the liquid hydrogen capacity. The
mase of the LO, tank (no slosh baffling) Is 163 kg, 0.58% of the liquid oxygen capacity.
Body Shell-The body shell Is a composite structure consisting of honeycomb
sandwich skin panels, tank—support rings, and miscellancous equipment mounting and
support structures. The sandwich skin paneis incorporate 0,025-cm graphite/epoxy face

sheets on a 0.2-cm-thick nomex core of 14.6 kg/m3 density. This skin panel definition is
considered minimum mass with respect to manufacturing considerations for a structure of
this size. Total body shell mass is 394.kg.

Docking/Service/Equipment/Avionics Assemhly—This structural/mechanical assem-
bly incorporates the following: a 0.5m-high by 3.5m-dlameter composite désign ring
assembly which provides for external mounting of equipment and avionics, a universal
docking system, a peripheral latch/release system for payload accommodation, and
service connector panels for fluids; gases, and electric power. Total assembly mass is
250 kg.

Thrust Structure—The thrust structure transmits loads from the two advanced space
engines to the body shell. The structural assembly consists of a cone-frustum-shaped
composite structure consisting of honeycomb sandwich skin panels (same definition as
used for the body shell), a thrust distribution ring, and a-thrust beam. The assembly
attaches to the body shell at the LO, tank support ring. Total estimated mass is 95 kg.

Meteoroid/Debris Shielding—This group provides for the meteoroid/debris protection
required in excess of that provided by the honeycomb skin panels of the body shell,
equipment/avionics support section, and thrust structure. It consists of additional
honeycomb skin panels to close off the forward and aft ends of the vehicle, plus a single-
wall aluminum shield standoff installation located on the back side of all skin panels. In
the LH, tank sidewell region, a 0.025-cm shield is located 6.4 cm from the sandwich skin
panels. In all other regions,; a 0.020-cm-thick shield is used, with a standoff distance of
7.€cm. The masses of the added sandwich skin panels and of the internal shield
installation are 37 kg and 109 kg, respectively.

Ballute Installation Fixed Items—An allowance of 45 kg has been Incorporated for
the ballute installation nonjettisonable items.

Thermal Control—Both active and passive techniques are used to provide thermal control.
Thermal control of the fuel cells and of the avionics is provided by separate active
thermal conditiohing systems, each consisting of a fluid loop with a radiator (located on
the body shell exterior) and associated pumps, valves, and control elements. Electric
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heaters are provided for ACS components and avionics equipment as required. ML!
blankets enclose the LH, and LO, tanks. These blankets conslst of layers (23 for LH,
tanks, 15 for Lo, tanks) of 3,75-um double aluminized Kapton (DAK) radiation. shields
with Dacron2 et spacers, enclosed within-a. protective bag of 12-ym DAK with rip-stop
Dacron scrim attached. MLI blankets also enclose the fuel cell reactant tanks: Localized
heat protection in the ACS thruster module reglon is provided by means of a highly
polished thin gage shield of superalloy material. Mass estimates are: radlator systems,
54 kgs MLI blankets, 61 kgj miscellaneous, 9 Kg.

Avionics—~The avionics group includes elements for guidance and navigation, communica-
tions data mangement, rendezvous and docking, and data measurement. The guldance and'
navigation components (59 kg) include a laser gyro Inertial measurement unit, a star
scanner, and a global positioning system (GPS) receiver/processor, all of which are
internally redundant. Included in the communications subsystem {35kg) are redundant
radiofrequency (RF) links which are NASA STDN/TDRS compatible. Deployable pairs of
antenna pods are diametrically mounted on the avionics/equipment ring assembly. Each
RF link contains a 20W S-band power amplifier and a STDN/TDRS transponder: The data
management subsystem (89 kg) consists of two computers, a data bus system, and a signal
interface unit. Rendezvous and docking components (46 kg) consist of a laser radar, a TV
camera, and a high gain antenna. The instrumentation subsystem (63.kg) provides for

monitoring of main propellant loading and usage and status monitoring of OTV subsystems.
Total avicnics mass Is 292 kg.

Electrical Power System (EPS)~The primary power source is a set of lightweight design
02/H2 fuel cells, each rated at 2-kW nominal, 3.5-kW peak power. The fuel cells are
actively redundant (i.e., both operating In the normal mode) with each fuel cell being
capable of providing normal mission power. The 02/H2 reactant for the fuel cells is
stored in the supercritical condition. A 25 A/hr nickel-hydrogen battery is provided for
backup power and for smoothing of line transients. Distribution and control are provided

by redundant power distribution units and a power transfer switcl.. System dry mass is
estimated at 234 kg.

Main Propulsion System (MPS)—The two main engines are advanced space engines, each
rated at a maximum vacuum thrust of 66 700N and providing a specific impulse of 485

Zpacron: registered trademark of E. 1. duPont de Nemours and Company, Inc.
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set. The englines have fixed nozzles with 700:1 expansion ratio. The engines ean alse be
operated in the tank head idle and pumped idie modes, with thrust levels of 300N and
6670N, rcspectively, and Isp of approximately 457 and 460 scc, respectively.  The
performance characteristics assumed are those which reflect a composite of the values
provided by staged and expander cycle engines. Each engine has an estimated dry mass of
193 kg. Thrust vector control is provided by two electromechanical ball screw linear
actuators per engine. Each actuator is equipped with redundant electric motor drive and
has a mass of 8.5kg. The propellant system consists of the following subsystems:
propellant feed/fill/drain; autogeneous pressurant supply; maln tank vent/relief; and
helium-actuated pneumatics. Propellant system dry mass is 271 kg.

Attitude Control System (ACS)-The attitude control system uses hydrazine monopropel-
lant pressurized by nitrogen gas supplied from a separate gas bottle. The ACS design uses
24 thrusters located in four modules positioned around the periphery of the OTV. The
thrusters use a catalytic decomposition gas generator and produce 111N thrust each at
2208 kPa (320 psia) supply pressure. The propellant storage consists of five 0.53m-
diameter titanlum tanks, each having a storage capacity of 72.5kg of hydrazine. Dry
mass estimates are: thruster modules, 30 kg; hydrazine tanks and feed/fill/drain
provisions, 83 kg; and nitrogen bottle and feed/relief/vent provisions, 12 kg.

Space Maintenance Provisions--Special interface provisions (structural/mechanical, fluld,
electric, pneumatic, etc.) are provided for the removal of ¢critical avionics assemblies,
fuel cells, main engines; and thruster modules. To provide for expanded status

monitoring, additional instrumentation and bullt-in test equipment are ptovided. Total
estimated mass is 216 kg.

Weight Growth Margin—A margin allowance of 15% of subsystem dry welght has been
Incorporated. Total mass is 468 kg.

Residuals—This group consists of the fluids and gases onboard at end of mission under
nominal conditions for EPS, MPS, and ACS. Total mass Is %13 kg.

EPS Residuals—This subgroup consists of reactant trapped in the storage tanks, feed
lines, and fuel cells, plus an allowance for trapped product water. Total mass Is 7 kg.

MPS Residuals—This subgroup consists of the following: propellant trapped in main
engines, propellant lines, and tank bottom sumps/propellant acquisition devices; blas fuel;
gases in empty main tanks; and helium for pneumatic systems. Trapped propellant mass Is
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| 100 kg, A single-engine reference bias fuel allowance of 0.90% was used. For multiple
R engines, this allowance was factored by the inverse of the square root of the number of
engines. The resulting LH, bias allowance for the two-engine Installation is 0.64%. Blas
fuel mass is 30 kg. Autogencous pressurant conditions in the empty main tanks are: 602
- at 148 kPa (21.5 psia) and 103°K (186°R); GH, at 140 kPa (20,3 psia) and 24,.4°K (44°R).

) Gas masses are 141 kg of GO, and 99 kg of GH,. The hellum required for pneumatic
‘ control valve actuation reflects RL-10 technology and considers number of engines,
number of engine firings, engine operating time, and engine shutdown time. The total
hellum mass is estimated at 18 kg.

ACS Residuals—This subgroup consists of the hydrazine trapped in the storage tank
and feed lines, plus the nitrogen pressuran. =quired to maintain the hydrazine at a supply
pressure of 2208 kPa (320 psia). Total masses are 7 kg of hydrazine and 11 kg of nitrogen.

Reserves—-Reserve allowances reflect the following: EPS, 100% loading of reactant tanks
sized by the more stringent unmanned servicing mission; MPS, 2% of mission nominal idle
delta-V requirement; ACS, 10% of nominal ACS propellant requirement. Reserve masses
tor EPS, MPS, and ACS are 28 kg, 271 kg, and 33 kg, respectively.

Ballute (Jettisonable)—An 18m-diameter transpiration-cooled ballute is used to effect the
GEO-to-LEO aeromaneuver. The ballute is constructed of kevlar cloth. To provide a
degree of porosity less than that of the basic Kevlar cloth, the cloth is coated with silicon

rubber. The mass of the jettisonable ballute, including a 15% welght growth margin, is
308 kg.

Inflight Losses~This group consists of the following main propellant losses: boiloff losses
for the 6-day mission, start-stop losses assoclated with nine firings of each of the two
main rocket engines, losses for inflation and cooling of the ballute, and losses for main
engine low thrust application during the aeromaneuver. Boiloff and start-stop losses total
244 kg; and aeromaneuver losses total 138 kg.

Nominal EPS Reactant—The nominal power requirement for the 6-day mission Is 123 kW-
hr. Based on a reactant power density of 2.7 kW-hr/kg, the nominal EPS reactant mass is
46 kg.

T e e
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Nominal ACS Propellant—-The ACS nominal delta-V budget for vehicle orientation and
rendezvous/docking maneuvers is 43 m/s. Based on an average specific impulse of 220 sec
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for the hydrazine thruster and consideratien of vehicle sequential mass, the nominal ACS

propeilant mass Is 326 kg,

Nomina! MPS Propellant-The MPS nominal delta-V budget for injectlon, coast, circularl-
zatlon, and trim maneuvers is 6316 m/s. This_budget reflects a reduction due to ballute
usage of 2213 m/s. Based on a specific impulse of 485 sec for the main engines and
consideration of vehicle sequential mass, the nominal MPS propellant mass is 32 289 kg.

3.3.3.3 Airborne Support Equipment

The alrborne support equipment (ASE) provides for the interfacing of the SB OTV to
the launch vehicle which, in this case, Is the SDV. The ASE consists of a structural
assembly and interfacing pneumatic lines and cabling between OTV and SDV-provided
interfaces. Total estimated mass is 430 kg.

The SB OTV.is launched empty, without payload, in an inverted position (i.e., engines
forward), cantilevered from an aft-located ASE structural assembly. The Inverted
position, relative to an upright position, allows a larger main engine dynamic envelope by
being unconstrained by the ASE structural assembly. In addition, the inverted -position
eliminates the need for a latching interface at the aft end of the OTV because it utilizes
the existing payload latching interface (including mechanisms and gas supply) located In
the front end of the OTV. Cantilevering the OTV from the ASE structural assembly is
practical because the OTV is launched empty and the resulting loads are well within its
structural capability. Cantilevering is desirable because it eliminates the need for
vehicle-mounted support trunnions and backup structures. (Small non-load-carrying
trunnions are required to allow for deployment/retrieval of the OTV along a non-load- :
carrying rall system.) 1

Except for operation of its onboard pneumatics system to etfect release from the 9
ASE structural assembly, the OTV is in an inert condition until docked to SOC. During the
] total time period that the OTV is enclosed within the SDV shroud, the taking of vehicle
=4, measurements s limited to status monitoring of environmental data and OTV/ASE
separation data. Processing of the data is accomplished by the SDV avionics.
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3.3.4 Ground-Based OTV Description. —
This section describes a large GB OTV sized for the same design reference missions
as the SB OTV and a smaller GB OTV sized for less demanding missions. Two sizes of GB
“ OTV's,.compared to only a large GB OTV, provided a substantial reduction in the number
\ of SDV launches required.

3.3.4.1 Operational Description.. e

GB OTV's are normally launched fully fueled and w. .i their payloads. An alternative *f :i
launch mode, however, is to launch the.payload separately with integration of the OTV b
and payload occurring at a space base, The impact of launching with and without payload
is discussed further in section 3.3,11.

The flight operations of the GB OTV are the same as for the SB OTV defined in
section 3.3.3.1. Upon returning to LEO, the OTV would dock at the space base followed
by placement within the launch vehicle recovery system for its return to Earth. Should a
space base not be present, the OTV would rendezvous with and be returned.to Earth by its
launch vehicle which had-been walting in LEO.

Once back on Earth, all necessary maintenance is performed on the OTV and its
ASE. Foliowing checkout, the OTV, its airborne support equipment, and its payload (if
appropriate) are mated and undergo integrated tests. The integrated assembly is then ‘
transferred to the launch pad and installed in the cargo bay of the launch system. .
Propellant loading of the launch vehicle and the OTV are accomplished at this time,
followed by launch to LEO.

3.3.4.2 Configuration Description of Large Ground-Based OTV
The configuration of the large GB OTYV, sized for the same missions as the SB OTV,
is presented in figure 3.3.4-1 with overall geometry and physical charactéristics noted.
The large GB OTV is similiar in appearance to the SB OTV. Major differences are slightly B
larger main propellant tanks, a full diameter avionics/equipment ring assembly, and 3
retractable nozzles on the main engines. The slightly larger tanks are¢ necesary to
accommodate an Increase in main propellant mass of 861 kg (nominal plus reserve). The
full diameter avionics/equipment ring assembly is a preferred configuration tor payload
accommodation during launch and ascent to LEO and for internal packaging of avionics/
4}‘ equipment, The retractable nozzles on the main engines are necessary to maximize
payload length capability. The large GB OTV Is nearly identical to the SB OTV with
respect to all other aspects of overall configuration definition (humber, type, and thrust
of main engines; ACS propellant type; structural materials, methods of construction, and

..
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Figure 3.3.4-1 Large Ground-Based OTV Configuration

meteoroid/debris protection scheme; thermal control elements; electrical power source;
ballute construction and materials; basic avioni¢s; etc.). The major exception is provision
for spacé maintenance of selected critical components, for which the large GB OTV has
none.

A summary mass statement Is presented in table 3.3.4-1. The mass fraction of
0.8582 reflects the gross welght of 38 944 kg and the total main impulse propellant load of .
33 420 kg (33 142 kg nominal, 278 kg reserve). o

Each of the items in the summary mass statement, exclusive of payload and airborne |
support equipment, is discussed in the following paragraphs, including definition of
rationale for mass estimates. Pertinent comments concerning design differences of the
large GB OTV relative to the SB OTV are Incorporated. In those areas where the large GB
OTV and SB OTV design definition and/or mass estimating criteria are identical, the
reader Is referred back to the SB OTV configuration description.

Structure - This group consists of the following: LH, and LO, tanks, body shell, ‘
docking/equipment/avionics assembly, thrust structure, meteoroid/debris shielding, and
ballute installation fixed items. Total mass Is 1774 kg.
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Table 3.3.4-1 Large GB OTV Design Reference Mission Summary Mass Statement

FOTVTSIN?
MASS
ITEM (kg)
STRUCTURE 74
THERMAL CONTROL 178
AVIONICS 22
ELECTRICAL POWER SYSTEM (EPS) 04
MAIN PROPULSION SYSTEM (MPS) 844
ATTITUDE CONTROL SYSTEM (ACS) 120
SPACE MAINTENANCE PROVISIONS 0
WEIGHT GROWTH MARGIN 616
(DRY WEIGHT ~.LESS BALLUTE) | (3958)
RESIDUALS 420
RESERVES 340
(BURNOUT WEINHT) 4718)
BALLUTE 316
INFLIGHT LOSSES
FUEL CELL REACTANT 46,
ATTITUDE CONTROL PROPELLANT 334
MAIN IMPULSE PROPELLANT 2,142
(OTV GROSS WEIGHT) (38.944)
PAYLOAD . 7537
(OTV + P/L WEIGHT (48,54 1)
AIRBORNE SUPPORT EQUIPMENT - 2287%>
 (LAUNCH WEIGHT) ~ |wa,s08)
OTV MASS FRACTION 0.8582
(> GEO BASE SUPPORT
(CREW ROTAT ION/RESUPPLY)
7600 KG UP, 6000 KG DOWN

(5> ASUMES LAUNCH BY SOV

_LH2 and LO2 Tanks - The tanks contalning the liquid hydrogen and liquid oxygen are
all-welded 2219-T87 aluminum pressure vessels. The tank pressure shells are designed by
room temperature pneumostatic proof test conditions corresponding to the flight condi-
tion which results in the maximum local pressure in the tank. For the hydrogen tank, the
proof test condition corresponds to 0.4g initial acceleration with maximum ullage pressure
of 152 kPa (22 psia)—the same condition used on the SB OTV hydrogen and oxygen tanks.
For the oxygen tank, the proof test condition corresponds to 3g boost (Barth to LEO) with
maximurh ullage pressure of 124 kPa (18 psia). To satisfy a 45-mission service life
requirement with low probability of leakage subsequent to a successful proof test and
leakage check, the tanks are designed using median fracture mechanics design date (i.e.,
wbest fit" data In lieu of "lower boundary" data). The SB OTV tanks were designed for
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minimal probabllity of leakage and, hence, used conservative fracture mechaniés design
data (l.e., lower boundary data). Consistent with a lightwelght design approach, the
oxygen tank Is not purged and repressurized prior to return to Earth. Safety procedures,
however, dictate that the hydrogen tank be purged and repressurized prlor to return to
Earth. Subsequent to landing, both tanks are-purged—the oxygen tank of its operational
pressurant (gaseous oxygen) and the hydrogen tank.of its reentry pressurant (helium)., £
minimum pressure shell thickness of 0.064 cm was incorporated. With respect to tank

support, the hydrogen tank Is suspended from the body shell by fiberglass struts—the same.

material used in.the SB OTV. hydrogen and oxygen tank struts. For the oxygen tank, a
compromise between strut mass (as dictated.by launch loads) and thermal heat leak
indicates a preference for graphité/epoxy struts. the LH2 mass Is 345 kg, 7.2% of the
ilquid hydrogen capacity. The mass of the LO, tank (no slosh baffling) is 245 kg, 0.85% of
the liquid oxygen capacity.

Body Shell - The body shell Is a composite structure consisting of honeycomb

~sandwich skin panels, tank support rings, and miscellaneous equipment mounting and

support structures (items common to the SB OTV), plus forward main support trunnions
and ring, aft ring with interface latching provisions (for attachment to the ASE structural
assembly), and aft-mounted service connector panels for fluids, gases, and electrical
power (via the ASE). The sandwich skin panels incorporate 0.025-cm graphite/epoxy face
sheets on a 0.2-cm-thick Nomex core of 14.6 kg/m3 density. This skin panel definition,
though considered minimum mass with respect to manufacturing considerations for a
structure of this size, has sufficient strength (the positive marglns are small) with respect

to launch loads considerations. This is the same skin panel definition as used on the SB
OTV. Total body snell mass is 619 kg.

Docking/Equipment/Avionics Assembly - This structural/mechanical assembly incor-

porates the following: a 0.5m-high by a 4.48m-dlameter composite design ring assembly
which provides for internal mounting of equipment and avionics, a universal docking
system, and a peripheral latch/release system for payload accommodation. Total
assembly mass is 259 kg.

Thrust Structure - This composite structural assembly, compared to the SB OTV, is
similar in design detail, slightly ditferent in geometry (smaller base region diameter
assoclated with smaller expansion ratio engines), but equal in mass at 95 kg.

Meteoroid/Debris Shielding - Design definition is identical to that of the SB OTV.
The masses of the added sandwich skin panels and of the internal shield installation are 52
kg and 114 kg, rezpectively.
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Ballute Installation Fixed Items - An allowance of #3 kg (same as for SB OTV) has
been Incorporated for the ballute installation nonjettisonable items.

Thermal Control - Design definition is identical to that of the SB.OTV with the exception
that provislons have been Incorporated to allow for MLI purge (liftoff/ascent) and
repressurization (descent). Mass estimates ares radiator systems, 54 kgs MLI blankets, 61
kgs MLI purge/repress provislons, 54 kgj miscellaneous, 9 kg:

Avionics - Deslgn definition and mass (292 kg) are Identical to that of the SB OTV.

EPS - Design definition and dry mass (234 kg) are identical to that of the SB OTV.
MPS - Deslign definitlon is identical to that of the SB OTV except for incorporation.of the
followingt retractable (in lieu of fixed) nozzles to maximize payload length; smaller
nozzle expansion ratlo (626 versus 700) to allow for nozzle clearance during separation
from the ASE structural assembly; linkage-type thrust vector control (TVC) actuator
support struts associated with use of retractable nozzles; larger dlameter drain. lines to
accommodate an ascent phase emergency dump of main propellant (derived from
consideration of the growth shuttle as a launch vehicle); and main tank vent/relief
provisions for ground/ascent phases. Each engine has an estimated dry mass of 197 kg.
Each TVC actuator installation has a mass of 11,5 kg. Propellant system dry mass is 404

kg.

ACS - Design definition is identical to that of the SB OTV except that the large GB OTV
does not require speclal provisions for tank fill and drain in space. Dry mass of the
hydrazine ACS Is 120 kg.

Space Maintenance Provisions - The large GB OTV has none.

Welght Growth Allowance - A margin allowance of 13% of subsystem dry mass (samie as
uSed on SB OTV) has been incorporated. Total mass is 516 kg.

Resliduals - Mass estimating criteria for EPS, MPS, and ACS residuals are Identical to
those of the SB OTV. Residual masses are: EPS, 28 kg (no change); MPS, 395 kg (7 kg
higher); ACS, 18 kg (no change).
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Reserves - Mass estimating criterla for EPS, MPS, and ACS reserves are ldentlcal to
those of the SB OTV. Reserve masses ares EPS, 28 (no change); MPS, 279 kg (8 kg
higher); ACS, 33 kg (no change).

Ballute_(Jettisonable) - An 18.3m-dlameter ballute s used to effect the GEO-to-LEO
acromancuver. The ballute design definition is Identical to that of the SB OTV. Ballute
mass Is 316 kg (8 kg higher due to use of slightly larger ballute).

Inflight Losses - Mass estimating criterla are Identical to those of the SB OTV. The
Inflight losses mass Is 388 kg (2 kg higher bolloff losses, 4 kg higher aeromaneuvering
losses).

Nominal EPS, ACS, MPS Propellant - Mass estimating criterla are ldentical to those of
the SB OTV except for incorporating a 1-sec reduced main engine specific impulse (484
vérsus 483) due to use of a lower nozzie expansion ratio (626 versus 700). Nominal
propellant masses are: EPS, 46 kg (no change); ACS 326 (8 kg higher); MPS, 33 142 kg (853

kg higher).

3.3.0.3 Airborne Support Equipment for the Large Ground-Based OTV

The alrborne support equipment provides for the interfacing of the large GB OTV to
the launch vehicle (SDV). The ASE consists of a structural assembly, fluids systems,
electronics/avionics, batteries, and cabling. Total estimated mass is 2267 kg.

The large GB OTV is launched with propellant, in an upright position, with payload
attached. An aft-located ASE structural assembly transrnits axial loads and aft lateral
loads to the SDV. Forward lateral loads are transmitted to the SDV shroud via support
trunnions located just forward of the LH, tank. The trunnions interface with latch/
release fittings located on a major support ring incorporated into the shroud design. (The
SDV shroud design also Incorporates a non-load-carrying rall system to allow for
deployment/retrieval of the OTV via the shroud nose section). Release of the OTV from
the fixed ASE structural assembly Is accomplished pneumatically.

The ASE flulds system consists of SDV to OTV f{ill, draln, vent pneumatic llnes,
umbilicals, and hellum gas storage. The helium gas Is used for ASE pneumatic functions
(valve control) and for repressurization of the OTV LH2 tank prior to return to Earth.

The electrical/avionics system provides for backup electrical power ahd contrel,
ASE status monitoring command and control, cabling, and interfacing cabling between
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OTV, payload systems, and SDV-pravided data interfaces. A power control unit la
provided to select ground power (SDV-supplled) or SDV power. The ASE batteries float
online to prevent power dropout during perlods when the ASE ls powered up.

3.3.6. Configuration Description of Small Ground-Based OTV
The eonfiguration of the small GB OTV s prescnted In- flgurc 3.3.4-2 with overall
geometry and physical characterlstics noted. Baslcally, the small GB OTV Is a shortened,
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Figure 3.3.4-2 Small Ground-Baséd OTV Configuration

single-engine version of the large GB OTV. The main engine has a nozzle expanslon ratio
of 700 versus 626 for the large GB OTV. This expansion ratio (same as SB OTV) is
permissible because adequate nozzle clearance exists during separation from the ASE
structural assembly.

A summary mass statement for the small GB OTV is presented In table 3.3.4-2. The
mass fraction of 0.8067 reflects the gross welght of 26 783 kg and the total maln impulse
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Table 3.3.4-2 SmallGBOTYV Summary Mass Statement—Unmanned Servieing Misston

FOTVTG-308
MADS (m% )
ITEM BABIE b E(Q.E.EL%‘ABAIIQ{L.T_
VEHICLE VEH, 1(PWD. ) VEH, 2(APT

STRUCTURE 1407
THERMAL CONTROL 160
AVIONICS an
ELECTRICAL POWER SYSTEM (EPS) 234
MAIN PROPULSION SYSTEM (MPS) 402
ATTITUDE CONTROL SYSTEM (ACS) 95
WEIGHT GROWTH MARGIN 398

(OTV DRY WEIGHT-LESS BALLUTE) (3047)
RES1DUALS ‘ 293
RESERVES 226

(OTV BURNOUT WEIGHT) (3666)
BALLUTE 201
INFLIGHT LOSSES 244
FUEL CELL REACTANT 46
ATTITUDE CONTROL PROPELLANT 226
MAIN IMPULSE PROPELLANT) 22,501

(OTV GROSS WEIGHT) (26,783) (26,783)  (26,783)
PAYLOAD S 6070 - . . .

(oTv + P/L WEIGHT) (31,853) (v/a) (N/A)
AIRBORNE SUPPORT EQUIPMENT : 2041 1687
BALLAST '

(LAUNCH WEIGHT) J(28,824)  (28,370)

y (57,194)

OTV MASS FRACTION 0.8467 N/A = NOT APPLACABLE

propellant load of 22 677 kg (22 501 kg nominal, 176 kg reserve). The mass statement also
reflects the fact that two small GB OTV's are launched together. Their payloads are
launched separately, with mating occurring at SOC. This approach was found to reduce
the number of launches significantly.

3.3.4.5 Airborne Support Equipment for the Small Ground-Based OTV

Alrborne support equipment elements for the small GB OTV are similar to those of
the large GB OTV. However, because of the twin-launch feature, the forward ASE
structural assembly Is a more complex design than the aft assembly. The Increased
complexity arlses because the forward ASE must be deployed along with the forward OTV,
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separated from the forward OTV, stood off by means of.a manlpulater arm, and retrieved
subjequent to deployment of the aft OTV., The. masses of the forward and aft ASZ,

respectively, are estimated at 90%-(2041 kg) and 70% (1587 kg) of the ASE mass for the
large GB OTV,

3.3.3. Performance
3.3.5.1 Requirements

For the purpose of the performance analyses of this study, two destinatlons were
considered: geosynclironous orblt at 0-deg Inclinatlon and planetary escape at a C3 of 53
kmZ/sec?, Other Earth orbit missions were treated In terms of thelr GEO equivalents.
Low Earth orbit departure altitude was 370 km (200 n. ml) and the Incllnation.was 28.5
deg, the orbit of the SOC. All missions were assumed to be staged from the SOC and the
OTV's returned to the SOC, although some ground-based missions were capable of direct
departure from the launch vehicle.

The types of missions analyzed consisted of (1) single-stage payload dellvery to
GEO, (2) two-stage payload delivery to GEO, (3) manned resupply to GEO, and (4) muitiple
satellite servicing at GEO,

LEO-GEO mission delta-V requirements were based on Hohmann transfer trajec-
torles modified to include multiple perigee burns, finite Lurn delta-V losses, and
aerobraking on the return to LEO. The ideal velocity requirements for the LEO-GEO
transfer, including a 2.5-deg plane change during the perigee burn and a 26-eg plane
change during the apogee burn, are: perigee delta-V = 2437.0 m/sec; apogee delta-V =
1770.9 m/sec.

Multiple perigee burns were used for phasing and to reduce losses for missions with
maximum acceleration limits. The delta-V losses from the ideal were derived from
previous study trajectory analysis.

The OTV Concept Definition Study (ref. 1) demonstrated the attractiveness of
aerobraking to improve performance at low cost. This concept Is based on use of the
Earth's atmosphere to reduce vehicle velocity, largely eliminating the rocket burn
required to enter low Earth orbit when returning from GEO or other high orbits. The net
savings, amounting to 2250 m/sec, is accomplished by grazing the upper atmosphere and
converting the vehicle's kinetic energy to heat through friction (i.e., acrodynamic drag).
This must be done In a precise manner to avoid losing too much velocity and reentering or
losing too little velocity and coasting back out to high orbit. This maneuver is
complicated by navigation inaccuracies for density variatlons as high as %0%. An
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inflatable ballute device Is used to provide aerobraking capability. Key operations
assoclated with the aerobraking maneuver are shown in figure 3.3.3-1.

oTvss
t » 0 sec h = 400,000 ft t =100 sec h - t =120 soc hs f
et —'
~—, - " -
'l ——
—~—
OPEN LH, VALVE T0 START ENGINE USING RAISE THRUST TO PERIGEE
CHILL © LINES TANK.HEAD IDLE PUMPED 10LE

t = 140 sec h o 262,500ft ¢ 2260 sec h S 320,000€t t o §00 sech 520,000 ft t = 45 min, h =400 nmi

N

iumtR THRUST TO ENGINE SHUTDOWN RELEASE RESTRAINING DISCARD BALLUTL
TANK HEAD TOLE WEBS DURING APOGEE BURN

Figure 3.3.5-1 ABOTV Operating Scenario

The basic design approach for the serobraked OTV (AB OTV) concept makes
minimum changes from the all-propulsive vehicle. In fact, the AB OTV is essentially an
all-propulsive OTV with an aerobraking kit added. This kit consists of GPS navigation to
improve perigee altitude accuracy and a large expendable ballute with.its attachment and
deployment hardware. In operation, the ballute is deployed prior to reentry maneuver and
surrounds the vehicle and its payloads, with the excéption of the main engine. The vehicle
is oriented so that the engine is facing forward and Is aerodynamically stable in this
position. The unique capabilities of the concept are achleved by operating the engine
during the maneuver at low thrust levels. Undsr thse low thrust conditions, the rocket
exhaust gases act as an aerodynamic splke extending forward of the drag body that
signiticantly affects Its drag. Varying the thrust level varies the effecive spike length and
atfords a means for varying vehicle drag to control flightpath. The rocket exhaust gases
shield the ballute surface from the shock-heated oncoming air and the exhaust gas
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momentum also moves the bow shock and stagnation point well off the vehicle. The
engine, therefore, maintalins a compatible environment for Itself and for the ballute. The
fcasibility of theconcept has been verified in wind tunnel testing.

The misslon profile for the manned GEQ. base resupply mission is shown in table
3.3.5-1 along with the timeline and the delta-V requirements. Following separation from

'Tab!e 3.3.5-1 Aeroassist, Single-Stage Typical Mission Profile

Bveny oo mny g g O @
. o) ‘
1 SEPARATE 40 30 @’ \ ko
2 PHASE IN LEO 70 o / \
3 PHASING ORBIT INJECTION BURN 22 %0
4 cOAST 102 o
8 TRANSFER ORBIT INJECTION BURN' 103 1068
¢ COAST & MIDCOURSE CORRECTION BURN 103 180
? Gto,clucuumuﬂon BURN 164 1710
& TRIM BUAN 124 o1
¢ RENDZVOUS & DOCK 149 213
10 PMASE IN GEO .3 0
13 TRANSFER ORBIT INJECTION BURN 127.4 1648
12 COAST & MIDCOURSE CORRECTION BURN 1324 »we
13 AEROBRAKING MANEUVER.& JETTISON BALLUTE 1328 0
14 COAST 133.3 ]
18 RAISE PERIGEE BUAN 1333 6?7
¥ COAst 1941 0
17 LEO CIRCULARIZATION BURN 134.1. 122
18 RENDZVOUS & DOCK 1408 103
19 RESERVES 1408 197 .
20 UNLOAD PIL 1608 . [ CTARTBURN T = 0.2

the SOC, the OTV phases in LEO until the nodal crossing. The first of the two perigee
burns Is then performed. The magnitude of this delta-V determines the period of this
intermediate orbit and allows further phasing. After one revolution In the phasing orbit,
the second perlgee burn provides the remainder of the delta-V necessary to inject into the
LEO-GEO transfer orbit. A midcourse correction Is performed during the coastout to
GEO. Following circularization at GEQ, a trim burn achieves the desired destination orbit
parameters. The midcourse correction and GEO trim burns are performed by the maln
engine operating in idle mode. Delta-V to rendézvous and dock with the GEO statlon Is
provided by the ACS. After separation from the station and phasing, the transfer orbit
injection burn places the OTV In a GEO-LEO transfer orbit with the perigee within the
atmosphere so that aerobraking can be used to reduce the velocity to near LEO circular
velocity.
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A midcourse correction burn increases the perigee altitude accuracy to the
necessary level for aerobraking. Upon completion.of the aerobraking maneuver, the
ballute Is jettisoned and the OTV coasts to an apogee altitude slightly greater than LEO
for phasing. At apogee, a burn Is performed to raise the perigee out. of the atmosphere
and up to the LEO altitude. A last burn at perigee circularizes the OTV at LEO.

Tables 3.3.5-2 and -3 present the timelines for the single-stage and two-stage GEO
payload delivery missions. A thied perigee burn is added for the two-stage mission; the

Table 3.3.5-2 GEO Delivery Timeline and Delta-V Single-Stage SB OTV

! APSE
EVENY DURATION (HR) Tel‘fqg ?n%) av (ups)
SEPARATE 4.0 4.0 3 (res)
PHASE 3.0 7.0 0
PHASE INJECTION .2 7.2 1370
COAST 3.0 10.2 0
TRANSFER INJECTION . 10.3 1098
OAST 5.0 16,3 15 (PHD)
GEO CIRC, a 16.4 71
TRIM 12,0 21.4 9 (rcs)
UNLOAD P/L 1.0 28.4 0
PHASE 10.4 38.8 0
TRANSFER INJECTION a 38, 1845
COAST 5.0 43.9 20 (PH1)
AEROMANEUVER 1 44.0 1}
COAST .8 44.8 ()}
LEO INJECT - 44.8 67
COAST .8 45.6 0
LEO CIRC, - 45.6 122
RENDEZVOUS & DOCK 6.5 52.1 18 (res)
RESERVES 52.1 137

first is provided by the booster stage and the second and third provide the remainder of
the LEO-GEO transfer orbit delta-V. The split between the second and third burns is
varied in the same manner as for the single-stage missions to allow appropriate phasing.

Ground- und space-based mission profiles differ only in the additional time prior to
separation and during phasing required for deployment of the ground-based OTV's from the
launch vehicle if SOC Is not used.

Planetary missions were performed as shown In figure 3.3.5-2, The OTYV injects the
payload into the hyperbolic Earth escape orbit then separates from the payload and brakes
into an elliptical geocentric orbit. At the apogee of the elliptical orbit, a small burn
lowers the perigee into the atmosphere so that aerobraking can be used to circularize at
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Table 3.3.5-3 Two-Stage SB OTV Timeline and Delta-V Budget

FOTVTO08 SGEO DELIVERY MISSION) |
S TIRE(H8)  Avws)
\ 1. SEPARATE 4.0 3
2. PHASE 7.0 0
3. BOOST 7.2 918
4. COAST 10.2
5. PHASE INJECT 10.4 ve .
6. STAGE BOOSTER 14.4 0
7. TRANS, INJECT 14.6 1353=v® :
8. COAST 19.6 15 1
9.6E0, CIRC 19.8 1
10. TRIM 33.8 7 '
( 11.UNLOAD P/L) 34.8 0
12. PHASE 43.2 0
13. TRANS: INJECT 43.3 1844
14.COAST 4.3 20
- 15. AEROMANEUVER 48.4 0
. 16.COAST 49.2 0 Do
2 17. INJECT 49.2 67 o
18.COAST 50.0 0
19.LEO CIRC, 50.0 122
20.REND, & DOCK 56.5 18
21.RESERVES 56.5 - 13z
22.UNLOAD P/L 56.5 -
4 BOOSTER
1.SEPARATE 4.0 3
2.PHASE 7.0 0
- 3.B0OST 7.2 914
= 4.COAST 10.2 ]
= 5.PHASE INJECT 10.4 ve
: M e % [*Tois av vartes it e
= 7. AEROMANEUVER 14.5 O | STARTMISSION MASS AND
. 8.COKST 15.3 0 1 REPRESENTS THE REMAINDER
9.PHASE INJECT 15.3 67 | OF THE BOOSTER AV CAPABILITY,
= 10.COAST 16.1 0
% 11.LEO CIRC, 16.1 122
1. 12.REND, & DOCK 22.6 18
13.RESERVES 22.6 61




ORIGINAL PAGE IS
OF POOR QUALITY

FOTVTS3D
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2. PAYLOAD STAGING AND OTV RETRO
3 ADJUST PERIGEE

4, AERO BRAKING MANEUVER
B RAISE PERIGEE
€. LEO CIRCULARIZATION

Figure 3.3.5-2 Pldnetary Mission Profile

TIME FROM 20 .
INJECTION: 30 ORBIT
HOURS

LEO. The remainder of the mission is similar to the LEO-GEO missions. The shift in line
of apsides is due to the retro delta-V occurring after perigee of the original orbit because
of the time required for staging and reorientation. Table 3.3.5-4 presents a timeline and
delta-V budget for the planetary boost mission.

3.3.5.2 Analysis

Stage sizing was accomplished in a two-step process. Preliminary mass trending
relationships were developed by updating existing OTV data for FOTV characteristics.
These relationships and the mission sequences described in the requirernents section were
input into our performance estimation program. The results were a serles of parametric
relationships between stage payload capability and propellant capacity for the different
mission types. Comparing these to the required payloads for each mission type identified
the sizing missions and determined the required stage propellant capacity. Point designs
were then developed for the selected sizes to update the mass characteristics. Finally,
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Table 3,3.5-4 Planetary Mission Timeline and Delta-V

ELAPSED

EVENT TiME_(HR) Aviups)
SEPARATE 4,0 3
PHASE 7.0 0
ESCAPE INJECTION 7.3 5482
STAGING 7.5 3
RETRO INJECTION 7.6 2800
COAST 83.1 0
TRANSFER INJECT 63.1 22
COAST 98.6 20
AEROMANEUVER 98,7 0
COAST 99.5 0
PHASE INJECTION 99,5 67
CCAST 100.3 0
LEO CIRCULARIZATION 100.3 122
RENDEZVOUS & DOCK 106.8 18
RESERVES 76

performance analyses for the selected stage were performed to verlfy payload
capabilities.

Mass trending relationships used as inputs to develop performance parametrics are
shown In figure 3.3.5-3. These relationships were developed by evaluating preliminary
point designs at 31 750 kg and 58 970 kg propellant capacities. The design features and
characteristics for the space-based stages are described in section 3.3.3.2 and for the
ground-based, in sections 3.3.4.2 and 3.3.4.4.

The Payload and Sequential Mass Calculation (PSMC) program was used to deter-
mine parametric payload capabilities of the ground- and space-based OTV's. Given a
stage burnout mass and propellant capacity, PSMC calculates propellant consumption,
losses, and stage mass for each event in the mission profile. Payload and-start mission
mass are iterated until calculated propellant consumption and burnout mass match the
specified values. The program incorporates a complete mission profile of time and
delta-V for each event. The type of burn, either reaction control system (RCS) or main
engine, and cortesponding start-stop losses can be specified. Bolloff and EPS losses are
calculated from the timeline and specified loss rates. The loss rate is specified as a
function of propellant capacity to handle different stage sizes. A detalled mission
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Figure 3.3.5-3 FOTV Mass Trending

sequential mass statement listing event, delta-V, propellant usage, losses, and mass is
printed along with a summary mass statement.

Preliminary performance analysis had indicated the driving missions for stage sizing
were the crew rotation/resupply of & GEO base and the two-stage GEO payload delivery.
The required payloads were 31.75t for the two-stage dellvery and 7.6t up with 5t down for
the manned resupply. Figures 3.3.5-4 and 3.3.5-5 show parameteric performance for
these missions for ground- and space-based OTV's. The space-based OTV Is sized by the
two-stage delivery at 32,57t propellant capacity and the ground-based, by the manned
mission at 33.43t.

SB OTV sequential mass statements for the different misslons are presented In
tables 3.3.5-5(a) through (e). Mass statements for the GB OTV are essentlally the same
although heavier by approximately 1000 kg at startburn and 330 kg at burnout.
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Table 3.3.6-5(a) SB OTV Manned GEO Resupply Mission
kg
Usable Main Prop Mass 32 568
Nominal Burnout Mass 4 123
Start Mission Mass 45 464
Payload Mass 5 089
Maln EnginelIsp =
Aux P rog Isp =

Event Delta-V (m/s) Prop Usage (kg) Losses (kg) Mass (kg) ,
Start Burn 45 476 oo
Separate 3 64 3 45 409 1
Phase 0 0 2 45 407 |
Phase Inject 1370 11 360 42 34 003 ,
Coast 0 0 2 34 00l
Trans Inject 1098 7 007 17 26 968
Coast 15 98 20 26 850
GEO Circ 1771 8 347 17 18 486 )
Trim 9 40 18 18 428 ;
Rend & Dock 21 181 71 15 577 R
Phase 0 0 7 15 569 !
Trans Inject 1844 5 006 17 10 548 :
Coast 20 50 20 10 478
Aeromaneuver 0 0 138 10 340
Coast 0 0 309 10 031
Inject 67 140 17 9 874
Coast 0 0 l 9 873
LEO Circ 122 250 17 9 606
Rend & Dock 18 81 5 9 521
Reserves 137 271 0 9 217 8
Unload Payload .- —ea 5091 4 128 1

=

Nominal Main Propellant = 32 295 }
Reserve Main Propellant = 271 3
Nominal Aux Propellant = 327 4
Reserve Aux Propellant = 33
Total Losses = 414
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Table 3,3.5-5(b) SB OTV Two-Stage GEO Dellvery

Usable Maln Prop Mass_
Beoster Main Prop Mass
Nominal Burnnout Mass
Booster Burnout Mass
Start Mission Mass
Payload Mass

Main Eng Isp 485
Aux Prop Isp = 220

Event Delta-V (m/s)
Start Mission -
Separate 3
Phase 0
Boost 1006
Coast 0
Phase Inject 772
Coast 0
Trans Inject 923
Coast 15
GEO Circ 1771
Trim 9
Unload Payload 0
Phase 0
Trans Inject 1844
Coast 20
Aeromaneuver 0
Coast 0
Phase Inject 67
Coast 0
LEO Circ 122
Rend & Dock 18
Resérves 137

kg
Nominal Main Propellant = 32 449
Reserve Maln Propellant = 121
Nominal Aux Propellant = 201
Reserve Aux Propellant = 20

Total Losses

262

kg
32 568
32 568

4 125

4 125
106 346
31 76t

Prop Usage (kg)

150
0
20 241

0
12 093
0

12 181
210

17 598
165

0

0

2 261
23

0

0

63

0

122

36

121

Losses (kg)

57
23
42
20

17
25

17
20

139
17

17

Mass (kg)

106 346
106 191
106 186
85 889
85 885
73 769
69 063
56 840
56 610
38 994
38 304
7 043
7 035
4 757
4 714
4 652
4 512
4 433
4 432
4 303
4 202
4 121
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Table 3.9.F~6(e) Tweo-Stage Delivery Roostor Return

Event Delta-V (m/9)  Prop Usage (kg)
Stage 20 23
Acromaneuver 0 0
Coast 0 0
Phase Inject 67 62
Coast 0 0
Leo Circ 122 {11
Rend & Dock 18 36
Reserves 61 83

ka

Booster Nominal Aux Fropellant = 196

Booster Reserve Aux Propellant = 19

26
62
137
23
{
23
3

0

Maas (g)

46535
4394
4436
4371
4371
4237
4197
4123

=
ié
!
l
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Table 3.9,6~6(d) SB OTV GEO Delivery Mission

Ugable Main Prop Maas

Noemina!l Burnoeut Mass

Start Mlsslen Mass

Payload Mass

Main Eng Isp
Aux Prop Isp

Event

Start Burn
Separate
Phase

Phase Inject
Coast

Trans Inject
Coast

GEO Cire
Teim

Unload Payload
Phase

Trans Inject
Coast
Aeronameuver
Coast

Inject

Coast

LEO Cire
Rend & Dock
Reserves

Nominal Maln Propellant
Reserve Maln Propellant
Nominal Aux Propellant

Reserve Aux Propellant

Total Losses

[ I ]

483
220

Delta-V {m/s)

3

0
1370
0
1098
15
1771
9

0

0
1844
20

0

0

67

0
122
18
137

32 yu2

121
196

20
239

kg
32 568
4 125
50 830
13 526

Prop Usage (kg)

72

0

12 700
0

7 834
109

9 335
87

0

0

2 263
22

0

0

63

0

112
36
121

Losses (kg) Mass (kg) o
- 50 830 '
3 50 755 -
2 50 753 o
42 38 011 Lo
2 38 009 -
17 30 157 -
20 30 027 o
17 20 676 ;
9 20 580
i 7 053 oo
7 7 046 |
17 4 764 !
20 4 721 Do
62 4 659
139 4 520
17 4 439
1 4 439
17 4 310
5 4 269
0 4 128
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Table 3.2 G-6(e) SR OTV for Planetary Misstan

kg,

Uaable Maln Prop Mass 32 568
Neminal Burnout Mass b 125
Start Mlssien Mass 4l 799
Injected Mass 4 690
Malin Eng Isp o 483
Aux Prop Isp = 220

Event Delta-V (m/s) Prop Usage (kg) Losses (kg) ass (kg)
Start Mission = .- - 41 799
Separate 3 39 5 41 733
Phase 0 0 8 4l 727
Escape Inject 5481 28 545 22 13 160
Staging 3 19 0 8 451
Retro Inject 2800 3 760 9 4 682
Coast 0 0 14 4 668
Trans Inject 22 21 9 4 638
Coast 20 22 23 4 593
Aeromaneuver 0 0 6l 4 533
Coast 0 0 136 4 397
Phase Inject 67 62 9 4 327
Coast 0 0 2 4 325
LEO Circ 122 109 9 4 207
Trim 3 6 0 4 201
Dock 0 0 3 4 198
Reéserves 76 67 10 4 121

3.3.5.3 Capabilities and Sensitivities

Maximum payload capabilities for the ground- and space-based OTV's are shown in
table 3.3.5-6. Offloaded payload capability for the ground-based OTV is shown In table
3.3.5-7 and tigure 3.3.5-6, Figure 3.3.5-7 presents the offloaded payload capability of the
space-based OTV. Scnsitivity to chaniges In Isp and burnout mass for the space-based OTV
are shown in figure 3.3.5-8. These sensitivitics represent the change In propellant
capacity required t6 maintaln pavicad due to a change In Isp or burnout mass.
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Table 3.3.6-8 FOTV Maximum-Payload Capabilitios

Manncd GEO resupply 7 690 (up), 7 600 (up), .}\
; (single-stage) 9 090 (down) 5 600 (down)
Y GEO delivery 13 530 13 340
(singlc-stage)
0.2g GEO dellvery 12 980 12 780
(single-stage)
Two-stage GEO delivery 31 760 31 850

Table 3.3.5-7 GB OTV Offloaded Performance

GB OTV two-stage—GEO delivery (0.2g max)

\Vp = 17 183 + 1.536 * P/L kg (up to P/L = 31 920 kg)
>
Small GB OTV (max W= 22 730 kg)
GEO delivery (3g limit)
v Wy, = 10 566 + 1.461 * P/L kg (up to P/L = 8290 ke)
2 GEO dellvery (0.2g limit)

W, = 10832 + 1.507 * P/L kg (up to P/L = 7860 kg)

GEO delivery (0.1g limit)

2 Wy, = 111333 + 1,592 * P/L kg (up to P/L = 7130 kg)
| GEO manned round trip (3g limit)

- W, = 10 766 + 3.086 * P/L kg (up to P/L = 3860 k)
5

.
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Figure 3.3.5-8 Space-Based OTV Sensitivities to Burnout Mass and Isp

3.3.6 Space Debris Protection ;

A major consideration In the development of a reusable system Is to ensure its
structural integrity including protection against space debrls in the form of meteotolds
and manmade objects. This section presents pertinent background information, the
analysis leading to the required shield thickness, the design concept to be used, and the
unresolved Issues.

3.3.6.1 Background |
Considerable effort was expended In this area in the 1960's and early 1970's. The 1

majot focus was on manned habitats and noncyclic pressure tanks. A review of these data
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for applicability to the operation of a reusable OTV for the post-199% time frame
Iindleated the nced. for further Investigation. This conclusion was the¢ result of a
combination of the foltowing factors relative to the 1973 MSFC tug studies.

I Larger vehicle area

2,  Longer exposure times

3.  Permanent space basing not consldered

4  Manmade debris not considered

5.  Ditferent viewpoint regarding sensitivity of propellant tanks to space debris damage

The larger vehicle area is the result of the FOTV systems containing approximately
32t of propellant as compared with 23t for the tug. The longest mission time was greater
(8 versus 5 days), as was the average duration (5 versus 3 days). An additional factor for
the SB OTV was that It was to remain on orbit (permanent space basing) and thus
considerably increase its total exposure time. Prior studies concerning space debrls
protection only considered meteoroids. NORAD data now-indicate a considerable number
of inanmade objects also exist in orbits that may impact an OTV. A different_viewpoint Is
also suggested regarding the sensitivity of propellant tanks to meteoroid/debris damage.
This viewpoint Is sumnmarized in table 3.3.6-1. In summary, the tank wall thickness should

Table 3.3.6-1 Propellant Tank Debris Protection Philosophy

@ NASA CRITERIA FOR TANKS (NASA SP-8042, MAY1970):
@ ALLOWS PENETRATION UP TO 25% OF WALL THICKNESS (mtenugn
FOR TANKS HAVING A NON-CYCLE SERVICE LIFE REQUIREMENT
@ CURRENT BOEING POSITION ON DAMAGE TO TANKS HAVING A CYCLIC
SERVICE LIFE REQUIREMENT
@ CONSERVATIVE APPROACH OF ALLOWING NO DAMAGE (NO FLAWS OTHER
THAN THOSE KNOWN A;‘ TIME OF ACCEPTANCE TESTING (1.E., PROOF
TEST AND LEAK TEST))
® INSUFFICIENT DATA BASE FOR CORRELATING NON-PENETRATING
DEBRIS DAMAGE TO REMAINING SERVICE LIFE VIA FRACTURED
MECHANICS APPROACH
@ IF A TANK DESIGNED FOR NO DAMAGE 1S DAMAGED, 1T ?251 BE SUBJECTED

TO NEW ACCEPTANCE TESTING DESIGNED TO GUARANTEE (AS A MINIMUM
17S REQUIRED REMAINING SERVICE LIFE,

not contribute to the required shield thickness. Furthermore, it a tank is damaged, it Is
strongly suggested that new acceptarice testing be conducted to guarantee its required
remaining service life.
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3.3.6.2 Shleldlng Maly‘ls
Guldellnes and Assumptions—-The guidclines and assumptions used to conduct the space
debrls analyses are presented In table 3.3.6-2. The tank area used was that established by

Table 3.3.6-2 Space Debris Analysis Guidelines and Assumptions ___

"™ o EXPOSURE AREA:  SIDE PROJECTION. OF TANKS
GB AND SB OTV = 35 SG M >

o EXPOSURE TIME:
o MISSION ONLY (BOTH GB AND SB O1V)
o TOTAL FLIGHT AVG = 5.3 DAYS (DESIGN POINT)
« MANNED FLIGHT AND UNMANNED_SERVICING AVG = 7.2 DAYS
o BASING AT LEO BETWEEN MISSIONS
« GB OTV --- 1 DAY
o SB OV --- 21 DAYS

o ALLOWABLE TANK PENETRATION: ZERO

o PROBABILITY OF NO TANK IMPACT Pi): 0.995
(REQUIRED TO SATISFY VEHICLE MISSION SUCCESS CRITERIA)

o KEY EQUATIONS: wn \ -2

(AT) A3
o MAN MADE: T «0.089 | |- Pig) IN MILLIMETERS ALUMINUM

o DEBRIS MODEL: KESSLER AND COUR-PALAIS, JGR VOL 83 METEOROIDS
DOMINATE TRANSFER TRACTORY; MAN MADE DEBRIS DOMINATE LEO

> DESIGN PT. BUT FINAL DESIGN INDICATED SB = 3BSQAM
GB = 38.9 SQ M

side projection rather than wetted. As indicated earliér, the analysis was conducted
without the tank wall contributing to the required shield thickness. The criteria are
expressed as probability of no tank impact rather than penetration.

The indicated value of Py = 0.995 is that which, when considered with the
predicted subsystem reliability, gives the required mission success goal of 0.97. The
shield thickness (f) equations have different constants and expornents because meteorolds
and manrade debris have different velocities, density, size, and flux. Both equations
refiect use of a double-wall design with its general characteristics being one-third of mass
in the bumper and the remainder in the back wcll. Spacing between walls would be
approximately 30 particle diameters. 1t should be noted that a single-wall shield would
have a mass approximately four times greater than that of a double wall.
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The debris model used in the analysls Is shown In-figure 3,3,6-1. The Indicated
meteorold flux Is essentlally the same as that used in the Apollo, Skylab, and Space
Shuttle programs. The manmade debris flux Is established by NORAD. As of 1980 there
were approximately 5000 objects of 10-cm diameter or greater, Approximately 60% of
the objects are fragments resulting from explosions, 20% are mission, related such as
shrouds, rocket stages, etc, and 20% are payloads (either operating or nonoperating). The

value used in the analysis was the predicted flux for 1990 which is approximately 8000
objects,

DATA SOURCE:
KESSLER AND COUR-PALAIS
JOURNAL GEOPHYSICAL RESEARCH
VOLUME 83

REFERENCE POINT

DEBRIS FLUX IN GIVEN YEAR

1976

LOG FLUX, IMPACTS PER CROSS-SECTIONAL m2
PER YEAR OF DRIVEN MASS OR LARGER
b
|

METEOROID
3k FLUX
8 A 1 i i 1 J
) 4 2 0 2 4 6 8
LOG MASS, GMS

Figure 3.3.6-1 Debris Model

The number of impacts per year expected on an OTV is 10'2 with the indicated area
and P(o)' This also corresponds to protection against objects with a mass of 10'33.

Shield Thickness Requirement—-The amount of protection or shielding required for various
combinations of P(o) and vehicle AT (mz-years) is shown In figure 3.3.6-2, The shield
thickness is defined as T expressed in millimeters equivalent of aluminum. For the case of
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a flight between LEO and GEO, meteoroids are the dominating environment. For a single
flight and & P(o) =0.995, the resulting t is 0.62 mm. For the on-orbit storage period, the
dominating environment becomes a combination of manmade and meteoroid debris.
Assuming an average of 3 weeks between flights, the required T is 1.05 mm.

3.3.6.3 Design Approach

The selected design approach for space debris protection is shown in figure 3.3.6-3.
The protectio incorporated into the vehicle is only that necessary for a single flight since
each flight is considered as an independent event. To provide the required protection
during on-crbit storage (time between flights), the SB OTV will be placed in a hangar.
The t provided by the hangar is the difference between the total requirement of 1.05mm
and that provided by the OTV (0.62 mm), or 0.45 mm, Using this approach, the OTV does
not have to incur the structural penalty assoclated with on-orbit storage.

The i for the vehicle is provided through a combination of the shell, backwall, and
MLL The backwall was placed between the shell and tank, rather than outside the shell,
because of vehicle-diameter constraints. The aluminum equivalent of the shell and MLI




L]u N“‘ «;“ L .o e

s Ut

. T -

ORIGINAL PAGE 1
OF POOR QUALITY

rovvYS N
1, MISSION REQUIREMENT
* ¥=(,02 M) 24 MILS POR P(g = .008 AND ONE LEO-GLO
* APPLICATION: (GROUND AND GPACE BASED OTV

* DESIGN APPROACH ALUM EQUIV, (MM}
gy 1204 0OIN) 25 MM QB L027K Ly VK
S . WLLLITTITTTTIIN """""“”“Rﬂﬂ,‘}b‘n 03 13
‘ 1eva (3.01N) ¢ €
- 84 MM (2.8 IN)s »
S , L, BACKWALL - DEORIG o.a 025
, —" 12,8 MM (0.6IN) Wa =MLl « THERMAL & oggg&o . (Y]
% LOz TANK AREA e\ ANK kWAL ) ,, P
ee LHy TANK AREA ALu 06 o
2, MISSION TO MISSION (LEO STORAGE) REQUIREMENT (MILS =26 2)

o ¥ (1.08 MM) 42 MILS FOR P(0) =988 AND.16 DAYS AT LEO
* APPLICATION: SB OTV ONLY UNLESS GB OTV HAS WAIT TIME GREATER THAN 3 DAYS

3, DESIGN APPROACH
o PROVIDE A HANGAR FOR OTV WHEN IT IS AT SOC.
« HANGAR PROVIDES DIFEERENCE BETWEEN REQUIREMENT AND OTV PROVISION
& TOF HANGAR » 045 MM ALUM EQUIV,
Figure 3.3.6-3 Selected Design Approach

relates to their relative densitles. A thicker backwall for the LH tank was necessary
since the spacing between walls in that area was not as great [ t ~ (spacing) ”]
Although the resulting design does not have the ideal double wall mass split (1/3- 2/3), it is
judged to be a reasonable compromise when launch or flight loads as well as debris
protection must be considered.

In addition to the selected debris protection design, alternative concepts were also
considered such as those indicated in figure 3.3.6-4, These designs relate to concepts
which make greater use of MLI rather than "hard" structure for the protection system.
For the GB OTV using a structural bumper which also carries the launch loads,
approximately 140 layers of MLI would be required to provide the T of 0.62 mm. In the
case of an SB OTV which only has a minimum of flight loads, consideration can be given to
providing all of the protection with ML, such as indicated in reference 3. To satisfy the
FOTV t requiremens, as many as 300 layers would be a "ballpark" estimate. In summary,
use of a very large number of layers of MLI does not appear to provide as straightforward
a solution as the hard structure approach indicated with the selected design. The reasons
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Figure 3.3.6-4 Alternative Debris Shield Designs

are as follows: (1) installation of such a large quantity offers considerable challenges, and
(2) in making the literature survey associated with this analysis, very little information
was found concerning the real shielding value of a large amount of MLL

The structural mass Impact of providing the indicated debris protection relative to
idealistic SB and GB OTV's is shown in figure 3.3.6-5. In the case of the SB OTV, a
vehicle that includes provisions for meteoroid protection has nearly a 500 kg penalty over
one designed only for flight loads. The majority of the penalty is associated with the
provision of the double wall shield. A GB OTYV, although having a shell to sustain launch
loads and fully loaded tanks, still must be provided with a backwall and results in a 200-kg
penalty compared to a concept which does not consider space debris. To put these data
into perspective, it must be noted that both of these vehicles are larger (larger propellant
loads) and had longer on-orbit times than those which were investigated in the Phase A
OTV studies. A ground-based and STS-compatible OTV did not require additional
structure beyond that required to carry boost loads.
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Figure 3.3.8-5 Debris Protection (Meteorold) Mass Impact

3.3.6.% Unresolved Issues

Although a workable design approach has been defined for space debris protection of
advanced OTV's, it is recognized that there is considerable work remaining before an
optimum design is achieved. Unresolved issues identified at this time are listed below:

1. Value of sandwich or honeycomb shell as bumper

2.  Protection characteristics of graphite-epoxy structure

3.  Value of three-layer shield

4, True benefit of MLI only for SB OTV

5.  Proper viewpoint regarding P(o) and exposure time for propellant storage tanks at
SOC

Of foremost importance is the need to establish the shielding characteristics of
graphite-epoxy or composite structure as single sheets or in honeycomb or sandwich
designs, The importance is indicated by the fact that this faterial is used extensively
throughout the vehicle because it reduces weight; but at this time, there is very little, if
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any, test data regarding lts debris protection qualities, In the case of MLI only for
protection, there Is the uncertalnty as to whether a multilayer design would actually
provide more protection than Its mass equivalence, Three-layer (walls) shields have been
indicated to improve the protection. Uncertalnty also exists In the design criteria for the
propellant storage tanks at SOC In terms of debris protection, These tanks have fewer
pressure cycles than an OTV} however, their exposure time is longer. Use of a P(o) such
as 0,995 would result in a t as large as 2.5 mmj however, since each tank Is only launched
once, the long-term impact may not be too significant.

3.3.7 Reliability Assessment

This section presents the analyses. related to the misslon success prediction of both
the space- and ground-based OTV's.

3.3.7.1 Overview

Mission success Is defined as the probability that the OTV will perform its intended
function for the duration of its mission. The mission, in tum, is defined as the time period
from the Initiation of one mission to the initiation of another. Subsystem rellability, as
well as the reliability of the space debris protection system, must be considered. This
section, however, only discusses the subsystem veliablity prediction.

The purpose of the reliability analysis was threefold: first, to determine If there Is
a difference between SB and GB OTV's (a potential difference was how the launch portion
of the GB OTV compared with the space storage portion of the SB OTV); second, to
determine if the mission success goal could be met with the assumed subsystem
redundancy; and, third, to establish the framework and data base to conduct the
maintenance analysis discussed In section 3.3.8.

3.3.7.2 Analysis

The assumptions and guidelines used to perform the reliability assessment are shown
in table 3.3.7-1. First and foremost in the reliabilty prediction is the assumption that all
subsystems have been restored to their original status prior to each flight. The subsystem
definitions (schematics) were essentially the same as defined for the OTV in Phase A
(ref. 1) with the indicated exceptions being unique to the second-generation reusable OTV.
Launch was not included for the SB OTV since this event theoretically occurs only once
and at that time all subsystems are dormant. The slightly longer LEO-GEO time for the
GB OTV was the result of the vehicle having to separate from its launch vehicle and wait

65




Lo

A b L1

Tahle 3.3.7-1 Rellability Analysis Assumptions and Guidelines

FOTVTE200
¢ 160 OTV MIGSIONS

* PHASE A OTV SUBSYSTIMS WITH REVISIONS:
* AVIONICS - ADD GPS AND RENDEZVOUS/DOCKING CAUIPMENT
* ACTIVE AVIONICS COOLING
* ADVANCED MAIN ENGINE (2)
* MORE ACS THRUSTERS

¢ S0C AVAILABLE FOR SPACE BASING

o MISSION PROFILE
SHUTTLE LAUNCH  LEQ . dEO STORAGE
*GROUND BASEDOTV 0.2 MR 160 MR * (1) —

*SPACE BASED OTV 140 HR (1) 480 HR
{1} INCLUD:S 0.42 HR OTV ENGINE BURN (8 BURNS)

* EXPOENTIAL RELIABILITY MODEL AT COMPONENY LEVEL
® MISSION SUCCESS GOAL » 097
* SAFETY GOAL = 0.9986

on orbit (in an active state) until the. proper position Is reached to initiate the first burn.
(Note: This operating mode was used prior to ine selection of two sizes of GB OTV's.) The
SB OTV can remain at SOC until a short time period before the initial burn. The storage
time reflects an average of 20 days between OTV flights. The $SB OTV will be in a
dormant/semiactive condition, while the GB OTV is completely deactivated when it is on
the ground. The mission success and safety goals were the same as used in Phase A. An
assessment in terms of meeting the safety goal was not performed.

The subsystem mission profiles assumed are presented in table 3.3.7-2, Again,
almost all of the GB OTV subsystems are active during launch and while walting in orbit.
The SB OTV has some subsystems dormant (not active) and others semlactive during its
storage time. A semiactive condition means valves or tanks are under pressure. Fallure
rates for dormancy are assumed to be 10% of the value when active.

The data base employed in the analysis s as follows:

1. 1US subsystem and component fallure rates

a. MIL HDBK 217C, Fallure Rates for Electronic Patts

b.  SAMSO-LV6S-77-005, Spa~e Effectivencss Requirements for STS/IUS

C.  Boeing document 180-15480, Program Failure Rates Standard< Manual
2.  Engine and inlet valve data from Pratt and Whitney
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Table 3.9.7-2 Subsystem Mission Profilea

GROUND BASCD OTV GPAGE BASFD
LAUNGH L2HR)  MIEDION (100K MIHION (1401 STORAGE WUGAHA)

AVIONICB AGTIVE ACTIVE AGTIVE BORMANT
ACS SEMIF-AETIVE ACTIVD ACTIVL GEMIFAETIVE
@X&Q‘[g& THCAMAL ACTIVE ACTIVE ACTIVE CORMANT
MLIPURGE ACTIVE DORMANT NA NA
BASIC STRUCTURE ACTIVE ACTIVE ACTIVE DORMANT
ELECTRIC POWER
GENERATION ACTIVE ACTIVE ACTIVE BEMI-ACTIVE
COOLING ACTIVE ACTIVE ACTIVE DORMANT
PROPULSION SEMI-ACTIVE ACTIVE ACTIVE SEMI-ACTIVE

3,  Boelng experience analysis center
4. PRC Doc. R-1863, On-Orbit Spacecraft Rellability

Component failure rates (and fallure modes) used in the {US were applicable to both
avionics and RCS systems of the OTV. Data for the main propulsion (particularly the
advanced englne) were provided by Pratt and Whitney.

Subsystem rellability block diagraras for the main propulsion system are presented In
figures 3.3.7-1y -2, -3; for attitude control in figures 3.3.7-4, -5, -6; for avionics in
figures 3.3.7-7, -8, -9, -10; and for electrical power in figures 3.3.7-11, -12, -13.
Thermal control and structure subsystems do tot contribute significantly to the unreli-
ability and for that reason their diagrams are not showh. The diagrams are based on
subsystem schematics developed for the Phase A OTV but moditied for FOTV application.

Included within each diagram are the fallure rates for launch (3 maximum), spaceflight
(0g), and cyclic operations, all expressed as events per million hours or cycles. A1s0
included is the extent of the redundancy within each subsystem.
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N2 TANK FILL VALVE REG & fgoL PROP, TANK 150L VALVE .
8 VALVES
2 [ +.68/CY 2 7
L O P45 + s B fo. 20700
(30f3) = 30f3) (30f3)

2]
B MAN1 FOLD REMS TK HEATERS MANIFOLD REM & LINE
- & FEED SYS, HEATERS HEATERS
= 97 4.68  (2404)
~ % e

(SEE FIGURE 3,3,7-6)

(SEE FIGUREJ.3.7-5) (3af3)

%
i

= [©> FAILURES PER MILLION HOURS = NOS. OUTSIDE BOXES MEAN
B UPPER NO. DURING LAUNCH NUMBER OF LOCATIONS AND
= LOWER NO. ON ORBiT NUMBER REQUIRED
~ (> FAILURES PER MILLION CYCLES [=> INDICATES DEGREE OF INTERNAL
> ) REDUNDANCY
D) Figure 3.3.7-4 ACS Reliability Block Diagram
)
-
2 H ‘
4 ! [E>> PARALLEL ITEMS-NUMBER REQ'D
= VALVE-QP i o 4 ‘
B I e (T 1 > NUMBER OF LOCATIONS AND NUMBER REG'D
— : > FAILURES PER MILLION CYCLES
| SAME : [i> FAILURES PER MiLLION HOURS
8
] i ON-ORBIT
[] []
‘ﬁ.--n--(ﬁlnon':}-)-%-n-.‘
(24 OF 24) >
F.‘.--.-----------------------.-.---------‘----‘------‘-‘ﬂ---.’.-. .‘
A H ‘ 0
! VALVE CAT,BED H
R E HTRY TR, 5
: T3 .3
: LDL CATALYST al -
"l VALVE-CL VALVE-CL BED , 4 NOZZLE CONNECT | )
\ : .105/¢Y .105/CY za . 166/CY .28 '
'
i E SAME SAME H
s ]
; ) M
H 10F2 ]
. (12 0F 12)
| Figure 3.3.7-5 REMS Reliability Block Diagram
‘1 7
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SWivCH=CL SHItCH=CL SWITCN=0P SWITCH0P NIEM’ER 7

11 SAME SAnE "SAME SAng
(1e12) {dar2) - n /
(1or2)
SWITCH-CL switcH-cL eMITCH-0P SWITCH-0P HEATER
3

] i i s 84

o

SAME SARE sae ' SANE SANE
(1078 i
Figure 3.3.7-6 ACS Reliability Block Diagram
- DATA BUS STAR SCANNER
TT8C COMPUTER il &
oetics || SEFIE —SEEFIE
66/1.1 [ 3:3:7:8 3.3.7- ;
TTRC COMPULTER DATA BUS STAR SCANNER| _
/6.3 [ 86/2.58 ’
(l of 2) [ - iy _ "
(1 OF 2 STRINGS)
) LASER GYROS .
Tve Psu POU PTU 43.5/2.4 200/20
SEE F1G: SEE F106 ~SEEETe S RTo ~ i
3.3,7-0 3.3.7-10' $35,7.10" 3,3.7-9 :
T™ve PSU 4 Pou PTU siu SAME ;
= - , (1 of 2) !
NOTES  FAILURES PER MILLION HOurs (1 OF 2 STRINGS)

[i-~ DURING LAUNCH/ON-ORBIT i

TT & C = TELEMETRY , TRACKING & COMMAND POU= PONER DISTRIBUTION UNIT

TVC= THRUST VECTOR CONTROL PTU = PONER TRANSMISSION UNIT
PSUC POWER SWITCHING UNIT SIU = SIGNAL INTEKFACE UNIT ]

Figure 3.3.7-7 Awvionics Rellabllity Block Diagram
"
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.svp vicva [) " 20 : .
RAR ARTENNA COMMON XMITER POMER AMP fueef OPS RCVR N
26/2.55 97/3.95 92.4/9.32 71.16/6.39 37.1/3.47 66/6.6 g 1

i
SOMPUTER ﬂ
MEM. BLOCK 1 MEM BLOCK o
2 THRU 11 |
, BATT, v BIT1 :
44.6/2.16 12/.14 o
o JHET E
==t ADDRESS LOGIC FOR S
431/25.9 _I BLOCK 1 )
SAME BIT 39 :

(1 OF 2) (38 OF 39) >

o
(11 oF 11) >

[> PARELLEL I1TEMS-~-NUMBER REQ‘D
[> NUMBER OF LOCATIONS AND NUMBER REQ'D
Figure 3.3.7-8 Awvionics Reliability Block Diagram

ELECTRONICS . > §
12/.5 SW 96/1.6 SW 96/1.6
(= GB OTV ONLY
TVC
TVC PITCH YAW
"1 CONTROL [ 1 ACTUATOR [™ ] ACTUATOR

ON 49/7.85 101.5/1.8 101.5/1.8
OFF  13,75/.48 11/.19 11/.19

Figure 3.3.7-9 Avionics Reliability Block Diagram
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SW CONTACT-1
OPEN 30/.3

ELECTRONICS-
1 & RELAYS

36/1.17

sw cLosed | |  acans
6.3/.21 96/1.6

(4 OF 4)

SW CONTACT-2
OPEN

(1 0F 2)

(10F 2)
EDyY

UTILITY PWR
SWi-0pP

30/.3
ELECTRONICS ; UTIL, PWR MOTOR &
RELAYS $W FAIL sHort | DRIVE

85.5/2.37 ’ 6.3/.21 96.2/1.6

UTILITY PWR .
W4 -op <+ {4 0OF4)

30/.3

(3 OF.4)
Figure 3.3.7-10 Avicnics Rellability Block Diagram

INCLUDED IN AVIONICS SYSTEMS

POV PSY = PTU

BArTeRY ] FuR cELL
12916 P

PDU PSU - PTU

SEE FIGURE
3.3.7-12

Figure 3.3.7-11 Electrical Power System Block Diagram y
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3.3,7.3 Results

Misslon success predictions were determined by applying the subsystem operating
profiles tothe-rellabllity block dlagrams. A summary rellabllity prediction of the SB and
GB OTV's Is presented In table 3.3.7-3. From a mission (flight)-to-mission siandpoint, the

Table 3.3.7-3 Mission Reltabllity Prediction Summary

GROUND BASED p

~BVENT otV wmemmo
LAUNCH 088506 N/A
LEO'- GEO 087621 888660
SINGLE MI

e wesion soon ses0
STORAGE N/A 989382
g%tm. &sﬁm 098106 078163

MISSION SUCCESS GOAL = 0.97

difference (0.986 versus 0.978) is not significant. It should be noted, however, that this
portion of the prediction only includes the contribution of the subsystems. Consequently,
in order to satisty the mission success goal of 0.97, the reliability of the space debris
protection system must be 0.995. The impact of satistying the space debrls requirement
was presented In section 3.3.6. A final observation concerning the subsystem rellabitity
prediction Is that the launch reliability of the GB OTV Is greater than the storage period
reliability for the SB OTV. This occurs even though the GB OTV is active and operating
under much higher stress levels; however, these factors are offset by the very short period
of time (0.2 hr).

Subsystem reliabilty predictions are shown in table 3.3,7-4. The subsystems with
the lowest reliability are the ACS, MPS, and EPS, Critical components (those with the
highest total failure rates) within each subsystem are identified and discussed as part of
the maintenance analysis in section 3.3.8.

A reliability comparison was also made for OTV's utilizing either one or two main
engines. Utilization of two main engines was the assumed reference case primarily due to
the large number uf manned flights. The mass impact of the second engine, however, was

76

.i
|




ORIGHEAL, Wil

OF FOOR GUALITY

Table 3.3.7-4 FOTV Subsystem Reliability Predictions

v FoTVIRZ0) GROUND BASED SPACE DASED .
SUBSYSTEM LAUNGH  LEQ-QE0  MGNON | MISION  STomace  Yorak 1
\ ;

| AcS 009849 803718 003668 004434 000104 000860
P | EPs 206890 297220 soriie | oovaze 007136 885170 o
] PHOPULSION 299873, 897016 oomor | o802 008832 093968 ;
AVIONICS 099987 Lba748 809738 99973 928561 909664
AVIONICS T/C 298071 089310 899280 009372 009764 099128 ?
MLI PURGE 090802 10 099992 N/A N/A N/A
STRUCTURE 009 90965 088650 88968 8098928 898508 ';:g
§
SYSTEM 088666 887621 088108 .088860 089382 078163 o

substantial (up to 400 kg considering engine and all scar penalties) and, therefore, it was
of interest to determine the reliability impact of using only one engine. Again, the engine
involved was an advanced expander type with a reliability prediction of 0.979 for eight
burns versus 0.991 for RL-10 IIB. The results of this analysis are shown in table 3.3.7-5.

Table 3.3.7-5 Reltabllity Sensitivity to Engine Quantity .
18O ENGINE OTV f
SINGLE TOTAL i
LAUNCH LEO-GED  MISSION STORAGE
GROUND BASED 998568 807521 986108 N/A 983108
SPALL BASED N/A 988660 888860 089382 978163
SINGLE ENGINE OTY
GROUND BASED 008569 063842 062463 N/A 962453
SPACE BASED 985070 965070 089344 954705 ' }
MISSION SUCCESS GOAL = 0.97 4
K
7 g




In both the GB and SB cases, the mission-to-mission predictions are approximately 0.02
below the two-engine case which can be translated into 2 lost missions per 100 flown. The
two-engine prediction assumes both are operating; however, one engine is capable of doing
the mission if necessary so, In effect, complete redundancy Is provided. Although these
data are not conclusive, they do indicate that with an advanced ¢ngine, a two-engine
system may, in fact, be necessary If the desired mission success goal is to be satlsfied.

3.3.83 Maintenance

This section discusses the OTV system requiring unscheduled and scheduled main-
tenance, the means to perform checkout before and after maintenance, and the impact on
the vehicle and space base. This analysis has been confined to the SB OTV for the
following reasons:

1. Maintenance needs on a reusable space-based OTV had not been well defined in past
studies.

2, The impact of accomplishing the maintenance, particularly in terms of crew
requirements at a space base, has a much greater significance than for a comparable
number of personnel being used on the ground.

3. A high-level analysis of a ground-based OTV had already been performed in the
Phase A study.

The key Issues involved in SB OTV maintenance were: (1) Is maintenance necessary?
(2) What systems (components) are involved? (3) What Is required to ensure the SB oTV
has the same degrée of readiness as a GB OTV7 (4) Must the SB OTV ever be returhed to
Earth?

3.3.8.1 Unscheduled Maintenance

Definition—Unscheduled maintenance ls defined as the repair of components that fall on a
random basis or due to an unscheduled event (e.g., accident). This function is Important
because the mission success prediction is based on full restoration of the complete system
prior to each flight.

Need for Unscheduled Maintenance—The Issue of the necessity for '~scheduled mainte-
nance was addressed by performing an OTV rellability analysis to determine if any
components fail during flight and, if so, what are the consequences if the fallures are not
corrected.
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Determination of the probability that no component fails (which also means no
maintenance s necessary) was accomplished by placing all parallel redundant components
In serles and applying the appropriate failure rates and time factors. This approach Is
necessary since each component must be functlonal to satisfy the misslon success
prediction of 0.978 as indicated in section 3,3.7. An lllustration comparing the reflabllity
block diagrams for mission-success probability and no-maintenance probability is shown in
table 3,3.8-1. The reliability block diagrams used for the analysis are those previously

Table 3.3.8-1 No-Maintenance Probability Overview

¢ THE PROBABILITY THAT NO COMPONENT WITHIN THE OTV WILL REQUIRE
CORRECTIVE MAINTENANCE PRIOR TO THE INITIATION OF ANOTHER
FLIGHT

*STORAGE TIME INCLUDED

¢ NO MAINTENANCE PROBABILITY VS MISSION RELIABILITY MODELING

* MISSION A}
RELIABILITY — | Ret-(1-Ra0-Rp
'y *RAORRg&e =T
— * B& A ARE REDUNDANT COMPONENT
* 140 MAINTENANCE

PROBABILITY

-2 : fl = (Ra) (Rp
| = — e

BOTH A AND B MUST BE FUNCTIONAL
TO BATISFY DEFINITION

shown in section 3,3.7.2 but adjusted for the series format. The results of this analysis
are shown in table 3.3.8-2, The probability of no maintenance being necessary (i.e., no
compornient has failed) is only 0.388, which gives a strong Indicat on that a failure is likely.
These data were also used to establish the mean missions to repair (MMTR), which
indicate a value of 1.06, meaning a fallure can be expected on nearly every OTV flight.
The consequence of not correcting (or restoring) the falled components ', saown
using several methods. The first is for the reliability prediction of an individual mission
as shown in figure 3.3.8-1. The data Indicate, for example, that if the OTV has been
fortunate enough to make it through nine flights without any repair, the predicted
reliability for the 10th flight would be 0,90. With restoration (repair), however, a
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Table 3.3.8-2 SB OTV Subsystem Rellability Assessment
TOTAL MISSION A SNaNGE .
SUBSYSTEM BELIABILITY PRCRARINY Mras
ACS 9610 457 1.38 i
]
ees 0962 930 12,68 |
PROPULSION 040 8428 137
AVIONICS Y/C 09013 900128 1144 '
STRUCTURE 98961 NIA N/A 1
SYSTEM 97828 388337 1.08
* MEAN WissioNs To RePaIR = L ) N O CoMPoNiENTS
T= 1 MISSION
A
g "0
: ESTORE
NN
| B i |
N N N\ |
N \ N 'ALSTORATION
g N N A

7

N\

(]
w
&

8
MISSION NUMBER

£ ASSUMES OTV HAS PUNCTIONED SUCCESSFULLY TO START OF Nth MISSION
Figure 3.3.8-1 Predictéd Rellability for Individual Mission—SB OTV
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prediction of 0,975 would always eccwr. Flgure 3.3.8-2 illustrates the difference In
cumulative predieted rcllabllity for a given flight. Fer the case of predicting the
reliabliity of performing 10 flights, a value of 0,80 occurs with restorationy while the no-
restoration approach results in only 0.90, In summary, with the high priority character-
istica of many of the DOD misslons and.the high <ost of the payloads, operating an OTV
without full restoration scems unacceptable. Conscquently, the need tc provide the
capabllity to perform unscheduled malntenance appears substantiated.

= AVIONICS
90 PROPULSION
P8
o "SSeen s SYSTEM WITH
RESTORATION
e 0 \
B -
8 —— NO RESTORATION
§ 60 .. WITH REETORATION
8ok TOTAL SVETEM
[
>
0 i 1 A 'l A . 5 ) A -
S 4+ 2 3 4 6 e 1 8 9o 10 v

NUMBER OF MISSIONS
Figure 3.3.8-2 Multimission Predicted Reliability—SB OTV

Malntenance Concept~The overall maintenance concept employed was generally that of
removing falled components and replacing them with ready-10-go components rather than
on-site repair. To accomplish this operation, the componerit to be removed and replaced
(R&R) was to be of sufficient size that the task could be e.ccomplished In a zero gravity
environment and by crewmen in pressure sults.

A listing of the components In “erms of thelr total expected failures and MMTR for

a single mission Is presented in table 3.2.8-3. These values reflect the total number of
components of a glven type as well as their fallwe rates. It should also be noted that

e g e e g ee e o
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Table 3.3.8-3 Component Unscheduled Maintenance Requirementa

Io‘m, FAILURES 7
SVBAYSTEM. ... COMPONENT QUANTITY  (MISSIONARTORAGE)  MMIA &
ACH REM VALVES @ 680 167
AcS REM NOZ2LE 24 139 7.2
€rs PUEL CELL 2 078 13.2
PROFULSION MAIN ENGINES 2 0418 N,
AVIONICS COMPUTER MEMORY €68 0220 4.
AVIONICS COMPUTER CPU 2 00074 109
PROPULSION FUEL INLET VALVES 4 008 128
AVIONICS LASER GYROS 2 00762 133
AcsS AEM CONNECTORS 4 006362 187
PROPULSION THERMO VENT VALVES 2 004340 230
AVIONICS TT8C RECEIVER 2 003604 266
PROPULSION TANK REG VALVES 4 002902 48
13 COMPONENTS 400 - 1000
68 COMPONENTS > 1000
L =108
> MEAN MISSIONS TO REPAIR

many of these components are small and/or are integrally a part of another unit or
assembly, thus making R&R difficult.

The approach selected to satisfy the R&R criteria was consequently that of grouping
the components into more easily handled units called space removable units (SRU). The
resulting SRU's and the components they contain are shown In table 3.3.8-4, Four basic
SRU categories are indicated, with the avionics modules actually involving six different
types of units. It should also be noted that some items have been assigned as a ground
maintenance task, meaning the SB OTV must be returned to Earth. This assignment Is the
result of the components belng in locatlons or having design features which make them
essentlally impossible to R&R in space. Other components had MMTR's so large that the
design provision to allow R&R would not be justitied.

Benetit of On-Orbit Maintenance—The principal benefit in providing on-orbit maintenance
provisions Is that it increases the number of missions that can be flown before the OTV
must be returhed to Earth for unscheduled maintenance. This polnt is shown In
table 3.3.8-5 through the use of the four different types of SRU's. Again it should be
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Table 3.3.8-4 Companant Maintenanece Assignment :
T AU ARGIGNMINT GROUND |
GUBSYETEM COMPONENT [ - VIONICS MW&Z& B
| oouLes | pdlivl
ACS REM VALVLS v
ACS AEM NOZ2LE v
€r8 PUEL CELL
PROPUL ENGINE v {
AVIONICS COMPUTER MEM BIT v
AVIONICS COMPUTER CPU v
PROPUL FUEL INLET VALVE v
AVIONICS LASER GYRO IMU v
ACS REM CONNECTOR v
PROPUL THERMO VENTS v !
AVIONICS TT&C RECEIVER v |
PROPUL TANK REG VALVES v .
OTHERS ;
I VARG *gampo- j
wuEATERS [VALVES sgx bTTC mmw’k witn i
« CAT BEDS RUE. pTTCPWA >400

LEVEL OF SPACE
NGE

¢ NONE
o THRUSTER MODULE

o PLUS FUEL CELLS

o PLUS MAIN ENGINE

¢ PLUS AVIONICS MCOULES

Tahle 3.3.8-5 SB OTV Mean Missio.s to Earth Return (MMTER)

QIV MMTER >

1.08

478

2.38

127

E> RETURNED TO EARTH FOR NON SPACE MAINTAINABLE COMPONENTS

PR,

R NN
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note. that If no unscheduled malntenance provisions are provided, the SB OTV would have
to returh to Earth essentlally every flight to repair the fallure. By providing R&R
provislons for the ACS thruster module, the number of misslons between Earth return ls
increased to one in about every flve flights. By providing all the indlcated R&R
capabitity, the OTV.only has to be returned to Earth every 29 flights.. Over the entire
missicn model of 180 OTV {lights, this results In approximately six relaunches of OTV's,
éssuming only the falled components are restored when on the ground. These relaunches
are In addition to the four OTV launches necessary to satisty design life considerations
(45 tlights per stage).

The sensitivity of the total number of OTV launches (excluding those for. backup
vehicles) to the frequency of Earth return is shown in flgure 3,3.8-3. These data indicate
the nember of OTV launches is.quite sensitive if the OTV must be reutrned to Earth more
frequently than the reference of every 29 flights. Incorporating additional R&R provis-
fons into the OTV to the point of matching the frequency of Earth return with the design
life (45 flights) Is also a possibility. This approach, however, only decreases the number of
OTV launches by two. Out of a total of approximately 120 SDV launches, this i$ not judged
too significant, in addition to resulting in more burnout weight and, consequently, a
pericrmance penalty.

* 180 OTV MISSIONS
« TOTAL INCLUDES DESION LIFE NEEDS
PLUS RELAUNCH DUE YO GROUND
20l MAINTENANCE REQUIREMENTS
.\.
\
§ | \,
8 \
] .
\.
\‘\
g 10} G .. -~
S . 35&1?%% ALY PAILED
sk
“BESIGN LIFE ONLY
RBFTENQE (46 FLTS)
° ) ) N _
0 10 ) 3 % - p—)
MEAN MISSIONS TO EARTH RETURN
Figure 5.3.8-3 Sensitivity of SB OTV Launclies to OTV Mean Missions to Earth
Return
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Penalties—Providing the necessary malntenance features to enable the SB OTV to remaln
on orblt as Indicated dees result In some penaltles to the vehicle and SOC. In the case of
the vehicle Impact, each medule must have deslgn modifications, such as simplitied
mounting provisions and quick-disconnect electrical and fluld connections, Examples of
the mounting previsions for the maln engine dnd ACS thruster modules are Ulustrated In
figure 3.3.8-4, The quick disconnects (QD) and mass characteristics associated with the

¥

1
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v Mg
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i

I,

i
R srt et

I

|

LY o

%

_',);’ F 5

AvAE Fomcx-- g

X, I - l UMBILICAL DISCONNECY Co

, Scm | ' PLATE 3

' Figure 3.39.8-4 SRU Installations :

i SRU's are presented in table 3,3.8-6. The mass impact for each SRU reflects the use of |
QD's and special mounting plotes and Indicates a range of 10% to 25% of the mass of the

basic unit. The total mass penalt was 236 kg, Including the required built-in test
equipment and Instrumentation.
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Table 3.3.8-6 SB OTV Maintenance Provision Penalty

CHARACTERISTICS PER UNIT
. (], 7C —
8AL TYPE ary PLUID | ELEC rasr. m‘ml EM) Tﬁﬁoma o
AVIONICS

¢ LASERGYROIMU | 2 - 2 4 36— ]
* GPSRCVAPROC, | 2 - 2 ‘. 10 ]
o TRANSPONDER 2 - 2 4 20X 16 X 42 1" 3
& AP AMPLIFIER 2 - 2 4 60X 35X 23 0 2
* COMPUTER 2 - 3 4 SIXIEX2I 27 6
PUEL CELL. 2 7 2 4 48X 30X 20 23 (]
THRUSTERMODULE | 4 1 1 4 30 X 20 X 30 30 3
MAIN ENGINE 2 ] 1 10 |ssEx1w7X187] 200 62

¢ TOTALSRUMASSCHANGE = 120

¢ OTHER CHANGES -
o BUILT-IN TEST EQUIP (23)
¢ INSTRUMENT & CABLING (41)

TOTAL MAINT PENALTY 234 K6
D INCLUDES MOUNTING PLATES AND ALL QUICK DISCONNECTS

Crew size and time requirements to accomplish the unscheduled malntenance are
indicated in table 3.3.8-7 and have been based on the worst (extreme) case. As indicated

Tahle 3.3.8-7 Unscheduled Maintenance Activity—Extreme Cadse

AVIONICS THAUSTER FUEL CEL Euame
SBY ACTIVITY. uom?le DOLE :nouu L OBy
. mx mem\uce PREP 20 20 20 «©
HER TOOLS,SRY
namn POSITION)
REMOVE AND REPLACE 28 28 b2} 108
© REIKCLUDES 60% FACTOR)
® INSPECT AND C/O 20 60 180 240
© WRAP UP{ RETURN TOOLS, EYC) 20 20 20 30
SUBTOTAL 88 Pl 248 416
(COMBINED TOTAL » 870 MINUTES (14.6 HRS)
WORK SHIFTS FOR SRU'S OTHER RELATED EVENTS CHEW REGUIREMENTS
©'300 MIN AVAIL/SHIFT (1) O PRE mmr o, o ONE suwr PER DAY
X o POST-MAIN
* Z3BHIFTS o VISUAL msncm- »120-180 e !cvmcumscm
cID svncmusv
¢ TOTALTIME 3 BNIFTS &uouun SUPPORT REQUIRED

(1) TOTAL WORK SHIFTY = 480 MIN.
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earller, there ls a 99.8% chance of there belng no more than four repair jobs per flight.
Four R&R jobs were, therefore, assumed and consisted of one of cach type of SRU (i.e., a
main engine, an ACS thruster module, an avionics module, and one fuel cell modute).
Each malntenance action Involved four types of activity. The times indicated reflect
timeline work assoclated with tests being performed-n the NASA MSFC Water Immersion
Facility using components similar in mass and size. It should also be noted that
achlevement of the Indicated times to perform the maintenance actions strongly reflects
Welean sheet" Installation.interfaces rather than use of existing types of interfaces. In
addition to the actual maintenance actlvity, there are related events involving premain-
tenance which Ihclude time for the extravehicular activity (EVA) crew to reach the
hangar and hangar activation. Post-malntenance activity Is essentially the reverse.
Visual inspection will also be required.

Two EVA crewrnen are necessary to perform the actual hands-on work while a third
member remains within SOC and ¢onducts the checkout. operations. Based on a 390-min
useful work period In a work shift, three shifts are required. To minimize the
crew size at SOC, only one shift per day was assumed.

3.3.8.2 Scheduled Maintenance

This area generally deals withs (1) those iterns that have wearout characteristics
less than the total OTV design life; (2) expendable hardware elements and; (3) those
components which require regular servicing. A listing of scheduled maintenance activities
for the SB OTV is shown in table 3.3.8-8. The most significant items are those of
replacing the main engines and ballute. In the case of the main engine, the mean mission
to repair prediction is every 24 flights, so the scheduled replacement every 20 flights
(10 hr) may preclude some of the unscheduled malntenance activity for this unit. Ballute
installation after each flight appears to offer a significant challenge in that there are
numerous attachments occurring over most of the vehicle external surface.
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Talea 4.3.8-8 Schociled Malntonance Activities

N
Q
{
i

4 RESOURCES PER
ACTIVITY DESCRIPTION o AETIVITY
: ¢ e CVERY 10 HOURS OF OPERATIO ® SAME AS FOR UNSCHEDULED
® REPLACE MAIN ENGINCS ?APPROXIMM’ELY 20 FLIGHTS MAINTENANCE

®

REPLACE BALLUTE SYSTEM ® EVERY FLIGHY ® 2 PEOPLE EVA
o INSTALL BALLUTE UNIT - @ 310 KG ® 1 PCRSON AT CONT.
o sThING D arracn g ® TORROIDAL SuAPe 1 suiFr
RESTRAINING STRAPS AT 3.56 M-MAJOR-DIA

FRD END

BATTERY CHARGE

FUEL CELL FURGE

MAIN LH2 TANK VENT

0.31 M MINOR DIA

® EVERY FLIGHT
e AUTD HOOK-uP

¢. EVERY FLIGHY
@ AUTOMATIC

PRIOR TO LOADING
AUTOMATIC

® 1 PERSON AT CONT,
CENTER —

¢ 1 PERSON AT CONT,
CENTER

@ | PERSON AT CONT,
CENTER

@ HANGAR WALL COATINGS B
CAN PROVIDE SUFFICIENT .
CONTROL !

©® BASE STANDBY PWR AVAIL,

PROVIDE THERMAL CONTROL @ WHILE AT BASE IN -
FOR AVIONICS AND ACS STORAGE MODE

3.3.8.3 Checkout Concept

An Integral part of the maintenance operation is the function of checkout. This
function Is defined to Include the abllity to assess the condition of the system as well as
the detection of faults and Isolation of faults to the appropriate SRU. A major source of s
condition assessment is the evaluation of data after a flight has been completed. Real- i
time assessment is also required, such as after a new SRU has been installed. Fault
detection and Isolation to an SRU will also require extensive bullt-in instrumentation.

Concepts—Three checkout concepts were considered with the key difference being the g
location for initiating the checkout and analysis of data. One concept used ground-based '
control, another used SOC-based equipment and personnel, and the third had all the '
capability bullt into the OTV. A brief description of cach follows.

D iz o e e

1.  Concept It ground-based control=Instrument the vehicle to the level required for
condition assessment and provide vehicle-mounted built-in-test equipinent (BITE) to
stimulate or simulate equipment for the purpose of obtalning condition assessment ‘; :
and fault detection and isolation data. The data from the vehicle would be
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transmitted to the ground where the data analysis would be accomplished resulting
in the ldentification of the faulty SRU and indication of system status. The required
maintenance actions wou'd then be transmitted back to the malitenance crew
located at the SOC.

2,  Concept 1 SOC-based control==This concept is the same as Concept 1 except all
equipment and personnel associated with data analysls are located at SOC.

3.  Concept 3t OTV.control=Instrument the vehicleto the level required for condition
assessment and provide vehicle-mounted BITE to stimulate and simulate equipment
and also equipment to detect and Isolate faults to the SRU level without any
assistance from external sources.

Comparison=The comparison of the three cohcepts is summarized in table 3.3.8-9. For
Concept 1 (ground-based control), the most significant impact to the LEO base is the data
and command link to the Earth. The particular areas of concerh are the bandwidth
required and the methods required to ensure the integrity of the data path. The estimated
time for automatic checkout using either Cencept 1 or 2 would be 2 to 3 hr.

Table 3.3.8-9 Automatic Checkout Techniques—SB OTV

AUTOMATIC VENICLE

CHECKOUT MASS IMPACT DATA S0C DATA DISPLAYS

JECHNIQUE { LN LINK(#~  PERSON. STORAGE &QML_L.S%!{

GROUND BASE 64 MAXTMUM MIN, MoD, MiN,

CONTROL ‘
LEO BASE N oS
CONTROL 6l MODERATE MAX, MAX. MAX, *

EHICLE CONTROL

GRD FLY DAYA 114 MENTHUMN MOD. . nap,
ANALYS1S) nin

@ AUTOMATIC CHECKOUT UTILIZES BUILT=IN-TESY EQUiP,
® NOY USED DURING MISSION

® PROVIDES STIMULATION AND SIMULATION INPUTS AND TEST
SEQUENCES
o REGUIRES APPROX THREL MOURS |
[~ CUVERS INSTRUMENTATION AND BUILT IN TESY EQUIPMENY &
fv - USES TDRS AND SYDN -
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For the casc of Concept 2 (LEO-basec control), the principal impacts are the
Increased number of personnel required for checkout (versus vehicle malntenance potson-
nel only for ground-basced control) and the increased hardware and Sof tware required for
the test and checkout task.

In Concept 3, where the vehicle itself contains sutficient bullt-ln-test equipment
and-software for fault Isolation to the SRU level, the vehicle avionlics are conslderably
more complex. Since the avionics are more complex, the equipment fallwe rates will
most likely increase. While the failure rates of that portion of the equipment used for the
mission may be negligibly affected by th2 addition of BITE, the totai fallure rate (derived
from the sum of mission plus BITE) will increase and the equipment can be expected to
require more maintenance.. Additional Instrwnentation Is also required to monitor the
performance of the vehicle-mounted BITE._The additional mass penalty for this concept
is due to the equipment which must be added to each SRU to indicate its status
(acceptable or nonacceptable) in addition to extra computer memory, The estimmated time
for accomplishing automatic checkout using this concept is 0.5 to 1 hr,

Selection-Based on this brief study of checkout concepts for a space-based OTYV, it is
recommended that ground-based control of the automatic checkout be wsed as the
baseline, Except for the integrity of the base-to-Earth data and command comnmunica-
tions link, this concept minimizes the impact to both the vehicle and the LEO base (SOC).
Further discussion regarding checkout in terms of the total turnaround operations
associated with an OTV is presented in section 3.3.10.

3.3.8.4 Maintenance Facility

As previously discussed i.. - ction 3.3.6, OTV protection against space debris while
at SOC can be most effectively accomplished by providing a hangar, which could also have
all the necessary provisions for OTV maintenance. Such a hangar, with an OTV, was
shown in figure 2.2-1, Such a facllity is judged to be beneficial in that It could provide
the necessary lighting, contalmment of personnel and spares, work platforms, and a
Storage area for spares and maintenance equipment. A shirtsleeve environment Is not
viewed as necessary since the SRU'S are envisioned to be replaced by crewmen in pressure
suits. In addition, the penalty for a shirtsleeve énvironnent would involve the loss of the
atmosphere each time an OTV is removed or, if the atmosphere is to be recovered, a large
amount of electrical power would be required. Although each OTV (stage) hased at the

SOC will need a hangar for space debris protection, only one hangar needs to be provided
with maintenance provisions.
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3,39 Refueling

This section discusses the comparison of several refucling optiona for the maln
propellant of the OTV, a system deserlption of transferring other flulds roquired by the
OTYV, and a definition of the assoclated propellant tanker.

Refueling is defined as that function deallng with replenishment of all consunables
(flulds), Included within this category are primary propellants, secondary propellants,
reactantsfor electrical power, and pressurlzation flulds, This analysis deals only with the
SB OTV since fueling of systems at a launch pad (such as for a GB OTV) is a falrly well
understood operation.

The overall goal of the SB OTV refueling analysls was to select a concept which
provided the best.combination of acceptable cost, complexity, and risk. Within this goal
was the desire to determine if active propellant conditioning systems (e 8. refrigerators,
liquifiers) are beneficial with the OTV traffic rates, as indicated by the FOTV mission
model and when used in conjunction with SOC.

The major factors considered in the refueling analysis are shown in figure 3.3.9-1.

TANKER —

DELIVERY I0ANREER gloHAQE  JBANSFER MISSION PHOPELLANT
s BOWOFF * 50C CHILLDOWN » BOILOFF « OTV CHILLDOWN s AV
« RESIDUALS « PRESSURIZAYION « RESIDUALS  » ?RESSUNZM‘!ON o INFLIGNT LOSSES:
+ RESIDUALS
_§0C RELATED
NON RECURHING AECURRING
i ORBIT MAINTENANC
+ ELECTRICAL POWER © ORL ANT &

* RADIATOR « PRESSURIZATION GAS
« STORAGE TANKS

s SUPPORT EQUIPMENT
REERIC, RELIOUIFIER ETC

Figure 3.3.9-1 OTV Refuoling Factors

The major system elements in the retueling operations are (1) the tanker which delivers
propellant from Earth to the SOX, (2 the SOC storage tanks (referred to as tank sets as
each contains anL O, and LH, tank and tanks for other refuellhvg flulds), ard (3) the OTV.
Propellant requirements are to account for inlssion propellant as well as all thot which is
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lost or unavallable cither during the dellvery to orbit, transfer between tanks, or on-orbit i
storage. Refueling may alae require varlows types of equipment and provigdons located at

the space base, which is asasumed to be the SOC. A review of the applicable data base,
most notably reference 6, Indicated a recxamination of the refueling operation was
necessary duc to the differences In ground rules and the desire to Investigate several
different concepts.

The major lssue assoclated with the.refueling of an SB OTV ls the amount of losses
assoclated with_the delivery, storage, and transfer of main propellant. This Issue 1§
presented In section 3.3.9.1. Other flulds such as hydrazine, nitrogen, and hellum also
require resupply; however, thelr losses constitute only a small fraction of the main____
propellant. Consequently, it was decided-the transfer-of these flulds would only recelve a
minimum of analysls. These data are presented In section 3.3,9.2. Design characteristics
of the tanker used In the refueling operation are presented In section 3.3.9.3.

AT T e S L R I I
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3.3.9.1 MainPropellant Refueling :
Systems Characteristics - The characteristics assumed for the major refueling system : B
elements and their utilization are shown in figure 3,3.9-2, These characteristics were

PRESSURE IN K PASCALS (PSIAL. K.

i

MAX = 214 (31) , MAX = 179 (26 ‘ - i
MIN = 138 (20) =" MIN = 138 (20 ""’%5-3%%‘ ;

OPERATING o
138 i

soc
TANK SET } (20)

* REUSABLE + PROP STORAGE REQT ~80.4 MT + ENGINE INLET: 110 K Ps (16 PSIA)
s + STORAGE SYSTEM: (2) 69.4MT -
* 20 LAVERS MLI CAPACITY TANK se"r + PROP CAPACITY:
¢ ~B1.4 MY CAPACITY . gv#eﬁﬁﬁﬁﬂ ACOUISITION SINGLE §TG ~ 200 MY
FULL SCREEN PRO ~ B
* oGS HoN bVS” « 50 LAYEA MLL TWOSTG ~ GO4MT
TANK WALLS 5000 R TOTAL FLIGHTS
* HELIUM PRESS8YS » TANK WALLS 6000 . _
* TRANSFER TIME: <20 HRS o TRANSFER TIME: <20 HAS i 11 YA: 180
: UTILIZATION PROFILE 16 YR: 260
otV ! + FLIGHT INTERVAL ;
Y o 01 8 :
o FuLL FULL 18- 20 hAYS |
| 20 % FULL + TANK WALLS 6000 R
2 © o FULL WHEN LOADED :
3 60 (YR %
4 0 FULL O :
6 100 % FULL 1
é 120 9 FuLL '
? W FULL % y
€ve j
Figure 3.3.9-2 OTV Refueling Assumptions ;,‘;
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established to provide the framewerk to define and evaluate candldate ref uellng cancepts,
The prossurcs Indicated are bascd on the reference OTV englne Inlet pressure of 110kPa
(16 pala) and estimated line losacs,

Thetanker was sized fur dolivery by a shuttle-derivative launch vehicle. An MLI
thermal control approach was used rather than a dewar for this applicatien because of
belng generally lighter, less costly, and having less risk, The propellant acquisition system
Is the same as proposed in reference 6. This system conalsts of screens located near the
tank walls that provide a capillary action to acquire the propellant so no g-fleld ls
necessary.

Propellant storage requirement-at SOC (based on the initial SB OTV point design)
was established as 86.4t. This resulted from a situation involving an OTV mission
requiring 59.4t of propellant (for the largest payload in-the model) In addition to a need to
perform a rescue mission (27t of propellant) to a manned OTV or a GEO base prior to a
tanker delivery. The storage tanks were sized for the amount of propellant available
after transfer from the tanker, Full screen propellant acquisition systems were used and
additional layers of ML1 applied to reduce bolloff; however, more than 30 layers does not
show much benefit. Data presented in figure 3,3,9-3 indicate the resulting bolloff would

26 * ML I8 DOUBLE ALUMINIZED KAPTON
¢ LAYERS SEPARATED BY PACRON NET

» HEAT LEAK CONTRIBUTIONS INCLUDE
* TANK/SHELL STRUTS
«FILL, FEED, VENT LINES

20}

BOIL-OFF RATE (KghiR)

a el
10 2 0 40 &0 60
NUMBDER OF MLI LAYVERS
.6 MILS THICK, EA)

Figure 3.3.9-3 Propellant Stora.je Tank Boiloff
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he 0,49 kyy/tr for LH, and 0,96 kg/hr for LOG, Two tonk aeta (@ach.contaliing an LO, and
and LH2 tank) are sugpested 19 satisty the storage requiremnent, with each capable of
handling a full tanker load after tramfor lesscs and residuals are convldered.  The
utitization plan (approximation) assumed for cach tank set is Indicated ond results in
80-day cyclcs between loadings, For thls analysis, one-half of the prepellant of cach tank
set Is assuned used for each OTV flight.

The propellant capacities indlcated for the OTV reficct values that were assoclated
with the initlal SB OTV point design. This vehicle did not Incorporate space debrls
protection, mulntenance provisions, and other features that were incorporated into the
final OTV design described in section 3.3.3, The final SB OTV single-stage design required
32,5t of propellant. The 10% difference In mission propellant requirement, however, is
judged Insufficient to change the results of the refueling analysis gdnce the assoclated
losses would lncrease only by approximately 1%.

)
d

Refueling Concepts - The refueling concepts analyzed gensrally relate to the pressuriza- |
tion method used to transfer propellant from the SOC tank set to the OTV. All concepts
use helium pressutization to transfer the propellant from a tanker to SOC storage tanks.

The names given to the concepts are listed below:

W U

WU

Concept A: Independent pressurization

Al: Helium pressurization

A2: Thermal pressurization

A3: Thermal pressurization with boiloff recovery
Concept B: Recovered vapor pressurization

Bl: Recovered vapor peessurization

B2: Recovered vapor pressurization with bolloff recovery

B3: Recovered vapor pressurization with bolloff recovery and travsfer loss

recovery

Concept Ci Subcooled propeliant with thermal pressurization ]
-] Concept D: Tank exchange with recovered vapor prossurlzation

The independent pressurization concepts are shown In figure 3.39-4. Concept Al i

i uses hellum to pressurize the SOC tanks to enable the trarsfer but this needs replenish- zi
=1 ment with cach retill of a SOC tank, Concept A2 provides the requited pressure via ‘, {
; 3

thermal means using a heater to vaporize a portion of the propellant. Concept A3 also

: i
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At HELIUM PREGSURIZATION

— BIGCONNEGT
AVENT/AELIEF

- P
6OC STORAGE TAN

2o Yot o L ) _ " TR " ’

TANKCR ik VALVE o7V PROPELLANT : 1
TANK

A2 THEAMAL PRESSURIZATION

TANKER =@
(SAME AB A4)

A3: THERMAL PHESSURIZATION WITH BOILOFF RECOVERY

SPACE S.. | LIQUEFIER |— ‘ r
4 SYSTEM & :

RADIATOR ~ ¢

TANKER I
(SAME AS AY)

Figure 3.3,9-4 OTV Refueling Concept A=[Independent Pressurization

uses thermal pressurization and incorporates a liquifier system to collect and condense | A
the boiloff occurring from the SOC storage tanks. A reverse Brayton cycle system is !
assumed for the liquifier system,

The B-group of concepts uses recovered vapor for pressurization and Is presented in
flgure 3,3.9-5. The basic characteristics of these concepts are shown by Concept Bl. In
this concept, vapor Is produced when saturated liquid in the SOC tank Is throttled to the
lower OTV tank pressure. A portion of the vented vapor Is passed through a compressor ;
and returhed to the SOC tank to malntalh SOC tank pressure. Due to the differences in
densities in the two tanks, some flashed vapor is dumped through the compressor relief B
valve to malntaln SOC tank pressure., Concept B2 uses the same pressurization appreach S
as Concept Bl and also incorporates a liquifier system to eliminate SOC tank bolloff.
ek Concept B3 goes even further in reducing propelfant losses by collecting and liguetying | ]
= the flashed vapor occurring during trangfer as well as bolloff. The much higher rates
° : assoclated with the propellant transfer require considerably more power for liquetying
o than just for bolloff (46 kW versus 10 kW),
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—~  REGULATOR

021 AUGOVORLD VAPOR PRESSURIZATION
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8 \

83: AECOVERED VAPOR PRESSURIZATION RAD'ATOR
WITH BOIL-OFP AND TRANSPER RECOVERY '

J s o AATE)
= |Liauceion }
| ==~ -
TANKER = \ \
(SAME AS B1) ) P

Figure 3.3.9-5 OTV Refueling Concept B—Réecovered Vapor Prevani ptieh

Concept C, shown in figure 3.3.9-6, achleves subcooled propeltant prior to the
transter to th2 OTV. in this concept, a closed loop refrigerator system (reverse Brayton
cycle) Is used to ¢ool the propellant over a 7-day period after lts dellvery to a SOC tank
set. This approach avolds the £ -3hing of 2% to 3% of the propellant as It s throttled to
the OTV tank pressure. An Internal heater Is used to thermally pressurize the SOC
storage tanks during propellant transfer.
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VAPOR PRESSURIZATION REGULATOR VENT
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z) THROTTLE
VALVE

80C EXCHANGE
Figure 3.3.9-6 OTY Refueling Concepts C and D
Concept D, also shown In figure 3.3.9-6, is called "tark exchange! This concept
uses the same pressurization approach as Bl but instead of transferring propellant from a
tanker to the SOC storage tanks, an empty SOC tank set is replaced with a full tank set,

thus eliminating the transfer losses.

The concept of pump transier between the tanker and SOC tanks and between the
SOC tanks and OTV was not analyzed for the following reasons. Acquisition of the
propellant to the purﬁp inlet requires screéened surface channels limited in cross-sectional
area as dictated by surface tension forces and screen sizes. The allowable flow rates (for
which no data base exists) In the acquisition channels to prevent breakdown of the
surface-tension-supported surfaces are severely limited and thus will restrict the allow-

able propellant tramsferrates. Removal of propellant from the supply tank without—

repressurization will reduce the tank pressure and cause vaporization of saturated
propellams. The most likely place for vaporization is within the acquisition channels
and/or the screened surfaces thus tending to block liquid flow or dry off the screened
surface. In elthet case, entry of vapor into the acquisition channels is likely to stop liquid
flow into the tank outlet resulting in breakdown of propellant transfer and an unknown but
potentially large amount of residuals, Design solutions to these problems can only be
verified by full-scale orbital experiments.  Therefore, the small potential weight
advantage of pumped transter over pressurized transter did not warrant further analysis

of this concept.
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Support Requirements - The support requirements assoclated with each refueling concept
are -presented In table 3,3.9-1, The reference propellant transter time between a SOC

Table 3.3.9-1 Refueling Support Requiremeants

S i

!
i
CONCEPTS .
| <EHARACTERISTICS Al A2 A3 BY 82 83 c n :
. " 4( ‘ v
PEAMANENT GTORAGE 0, USE w1
panaANEAT § YES YES VES YES YES YES YES #Ahx i
o
TANKER YES ves YES YES YES YES YES  EXCHANGE ‘s
TRANSFER TIME (MRS) 4 20> 4 4 . 2 af> 4 P
POWER (KW) 0 13 1 NIt 10 4% 104 NIL j
i €
SOLAR ARRAY (5Q M) 0 2 220 NIL 220 1050 230 NIL 4
ARRAY MASS. (MT) 0 13 X NiL 1.1 82 114 NIL
RADIATOR (SQ. M) 0 [ 18 [ 1 ) 18 0
LIGUIFIER MASS (MT) 0 o 18 0 1.8 4 18 o r
S0CW/Cp AIKG/MZ) 180 160 138 160 138 o 37 160. |

£> COULD BE 4 HRSWITHBG KW [=> BUT TAKES 7 DAYS TO SuB COOL PROP AFTER DELIVERY

tank set and an OTV was 4hr. As indicated, several concepts show 20 hr, primarily
because the power requirement becomes prohibitive for the shorter time; however, 20 hr “
is probably acceptable since it is still faster than a ground-based OTV could be launched.
Power requirements are relatively large for those concepts using liquifier systems and
extremely large for Concept B3 since the vent losses which occur at high rates during
transfer are collected. The power for liquifylng was taken from reference 6 which
indicated 9.9 kWh/kg for LH, and 0.66 kWh/kg for LOZ. The SOC solar array satisfies the
power requirement during the sunlight portion of the orbit, as well as recharging a
secondary power systemn that Is used during the dark portion of the orbit. Mass indicated
for the power systein covers both the solar array and secondary power supply. Radiator
) provisions are assumed to be separate from those required for the basic SOC. The
a average radlator was assumed to be always perpendicular to Earth and had an average
temperature of 37.8°C. The Indicated area also assumes the use of a two-sided design,
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with cach square meter of radator dissipating 0.3 kW of waste heat. The W/CpA
parameter |3 the key factor in establishing the amount of orbit maintenance propellant
required by the SOC. Those concepts which result in lower SOC \V/CDA will have higher
orblt malntenans . requirements.

Propellant Requirements - The propellant requirement assoclated with each aspect of the
refueling operation Is shown In table 1,3.9-2 for cach refueling concept. The values
reflect the requirement associated with a single repetition. The number—of_repetitions

Table 3.3.9-2 Propellant Requirements for SB OTV

PER REPETITION
- AEPETITIONS CONCEPTS AND MASS { (M)
Al__A2 A3 81 B2 83] C 0

1. OTV MISSION PROP 180 [=> 208 200 260209 280 200 | 200 269
2 SUC/OTV TRANSFER

CHILLDOWN 160 00 09 09| 08 08 o | 03| 06

PRESSURIZATION g0 fi> 08 03 o3f o 0 o |os| o
3. STORAGE

BOILOFF 00 6 16 0] e O o 8

RESIDUALS 80 w8 8 18] 18 18 1w} o | 18
4. TANKER/SOC TRANSFER

CHILLDOWN 00 -] o8 00 06|08 08 08} O ]
8. TANKER

BOILOFF 00 04 o1 o1lotr ot o1 01| 0t

RESIDUALS 90 13 3 13143 13 13| w3} o
8. ASOC ORBIT MAINT

PROPELLANT 180 o6 063 o.uﬂ 66 068 088 07 | 00

PRy s L

> 180 REFLECTS NUMBER OF OTV FLIGHTS (> 80 REFLECTS S0C TANK PROVIDING 20TV FLYS

indicated relates to the 11-year mission model. The number of repetitions for the OTV
mission propellant relates to the number ot flights, while those items showing 90
repetitions ceflect the number of tanker launches or SOC storage tank cycles, The orbit
maintenance values reflect the requirement for the 20 to 22 days between each of the
180 OTV flights.

The OTV mission propellant requirement reflects the definition of the space-based
OTV at the time of the first quarter review and, as indicated previously, is approximately
10% less than required in the final design. Chilldown losses occurring during the transfer
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from SOC to OTV reflect 23,9t belng transferred to the OTV tanks, which have wall
teinperatwes of approxiimately 400°C. This loss Is greatest for the A concepts since 1o
propellant vapor is recovered as in 13 and (3 concepts or subcovled as In the C concept.
Pressurization loss for the transfer between SOC tanks and OTV s the greatest tor
Concept Al since It uses an expendable hellum system, All of the B and the 1) concepts
show no requirement since part of the OTV tank vent luss is recovered, compressed, and
sent back to the storage tanks. The bolloff value of 1.6t Is assocloted with each tank-set
(two are presemt) during each 60-day period in which they contaln propellant. This value
considers wall, support struts, and penetration contributions to heat leak, With 50 layers
of double aluminized Kapton, the LH, boiloff rate is assessed to be 0.45 kg/hr while the
LO, rate Is 0.36 kg/hr. Use of lquifier systems in Concepts A3, B2, and B3 reduces the
losses to zero. In.Concept D, continuous refrigeration eliminates bolloff from occurring.
Chilldown losses indicated for the tanker to SOC transfer also result from the 400°C tank
walls in the recelver and the tramsfer of 60t of propellant. ConceptC, which has
continuous refrigeration, and Concept D, which exchanges SOC tanks each time, can avoid
this loss. The difference in orbit maintenance propetlant reflects the different W/CDA.
The mass nunber indicated reflects the propellant (NZHQ> required for solar rnormal
conditions and the SOC located at 370 km,

The total mission model refucling associated with the concepts Is shown in
figure 3.39-7. This total is found by adding the actual OTV mission propellant plus the
losses pecullar to each refueling concept and variation in SOC orbit maintenance
propellant. An average amual refueling requirement of over 500t occurs for the ll-year
reference mission model. The losses plus orbit maintenance propellant for the refueling
concepts represent a range of 6% to 14% of the actual OTV mission propellant.

Cost Comparison - The total cost assoclated with the refueling operation is shown In '
figure 3,3.9-8. A spread of approximnately 5% exists between the lowest and highest cost "
concepts. Propellant launch cost is based on use of a standard shuttle-derivative vehicle i
(sec sec. 3.3.11 for description) with 61.2t of propellant delivery capability. The small ]
delta launch cost associated with Concept D reflects the fact that the exchange tank is

heavier than a refucling tanker resulting in It less propellant avallable per launch.
Liquifiet/refrigerator values were established by scaling relative to the amount of power .
required. The 10-kW units had 4 DDT&E estimated to be $50M and a unit cost of SIO0M. A y
46-kW unit was estimated at $100M for DDTXE and $25M for unit cost, Salar array costs
reflect unit costs of $§7,000/|\\2; with no DDT&E included since the rvelatively small
change in area would not significantly affect the design.
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¢ PLUS REFUELING PECULIAR PHOP « -+ -+ (READ GRAPH)
100 + §OC/OTV TRANSPER
{ + STORAGE
TANKER/SOC TRANGFER a
« TANKER LOSS
§ T 80C ORBIT MAINT

g
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g
P
. —
FERCENT OF TOTAL PROPELLANT

Al A2 A3 Bt 82 B | ¢© )
INDEPENDENT PRESS VAPOR RECOVEHY PRESS |8UBCOOL| TANK
EXCHANGE
=
REFUELING CONCEPT
> SAME TRANSFER
APPROACH AS BY

Figure 3.3.9-7 Total Refueling Requirement

Concept Comparison and Selection - Concept B2, although not the least-cost system, is
judged to provide the best overall characteristics which include acceptable risk and
operational complexity. Concepts Al, A2, A3, B2, and B3 are all more expensive; and A3,
B2, and B3 also are more complex due to use of liquifizrs, Cencept C, which provided the
least cost, has higher risk and uncertainty in perfor nance duc to the lack of data base
concerning space-qualified refrigerators. In terms of the FOTV study, space-type
refrigerators and liquifiers may be consdered as accelerated rather—than normal growth
technology. Conhcept D Is judged to be & major contender, although the complexity of
moving large propellant tanks around the base presents some concem.
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Figure 3.3.9-8 Total Refueling Cost
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3.3.9.2 Other Fluids Transier
Other fluids required by the SB OTV consist of reactants (OZ/HZ) for the fuel cells,

pressurant (GHe) for the pneumatics system, and propellant (NZ/HZ) and pressurant (GNZ)
for the ACS system.

With respect to fuel cell reactants, it is assumed that the advanced design fuel cells
of the SB OTV are capable of operating on propulsion-grade O,/H, (with minimal purging).
Consequently they are supplied from the same storage supply as the main propulsion
system.

Hellum for the SB OTV pneumatics system is stored in the LHZ tank (to minimize
bottle size and mass) and as it is used, expands iSothermally from a pressure of 24 150kPa
(3500 psia) to a pressure of 2070 kPa (300 psia). A fluid transfer schematic, between the
tanker, SOC, and SB OTV Is presented in figure 3,3.9-9, Two other notable features are
that the largest and heaviest helium bottle and the compressor are both incorporated into
the SOC because it Is the vehicle least atfected by the impact of the added mass.
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Figure 3.3.9-9 Pneumatic System Helium Transfer Schemati¢--Tanker to SOC
to OTV

The SB OTV ACS propellant is expelled from its storage tank at a constant supply
pressure of 2208 kPa (320 psla) by means of GN, pressurant. The GN, is stored in a
separate bottle, Both the propellant and the pressurant are maintained at (or neat) room L
temperature. As it is used, the GN, expands Isothermally from a pressure of 24 150 kPa : '7;
(3500 psia) to a pressure of 3430kPa (500 psia), A fluld trarsfer schematic, between
tanker, SOC, and SB OTV Is presented in figure 3.3.9-10. Two notable features are that
the propellant and pressurant are always maintained at (or near) room temperature and
that the largest and heaviest pressurant bottle and the compressor are incorporated into
the SOC.

e
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Figure 3.3.9-10 Attitude Control Propetlant and Pressurant Transfer Schematic—
Tanker to SOC to OTV

3.3.9.3 Propellant Tanker Configuration Description

The configuration of the propellant tanker is presented in figure 3.3.9-11 with
overall geometry and physical characteristics noted. The tanker.lis sized for contalnment
within the reusable payload system of the SDV solid rocket. booster (SRB). The structural
arrangement, detalls of structural design (main tankage, body shell), and. thermal control
design (main tankage MLI) are similar to those of the large GB OTV. Avionics consist
primarily of propellant loading/transfer instrumentation and associated data management-
clectronics. A battery provides for onboard electrical power, The main propulsion
transfer system utilizes hellum gas pressurant (stored in the intertank region) and
propellant acquisition screens (lining the total inner surface area of the tanks) to effect
transter of the LO, and LH,. Transter heliun for pneumatics s stored in the LH, tank.
Transter hydrazine and nitrogen préssurant are stored forward of the I..l-lz tank. ASE for
the tanker consists of an aft-located structural adapter. All other ASE-chargeable items
are assumed incorporated in the design of the dedicated reusable payload system.
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Figure 3.3.9-11 Propellant Tanker Configuration

A sunmary mass statement for the propellant tanker is presented in table 3,3,9-3,
The mass fraction of 0.8862 reflects the gross weight of 59 169 kg, including a transferred

LO,/LH, weight of 52 435 kg. =
Table 3.3.9-3 Propellant Tanker Summary Mass Statement L
STRUCTURE 2018 ;
THERMAL CONTROL 1 ;_
AVIONICS n :
ELECTRICAL POWER <] ’
MAIN PROPULSION XFER SYSTEM 184
ATHITUDE CONTROL XFER SYSTEM m
WEIGHT GROWTH MARGIN 544
(TANKER MODULE DRY WEIGHT) {4168)
AESIDUALS 1343
(TANKER END OF TRANSFER WT) (6511)
LOSSES 612
TRANSFER FLUIDS® (B3046) ]
LOZ/LH, © MR = 5.600: 1 62436 ,
GHo n :
Naﬂ‘ 6E0 - ?
0"3 30 ‘
{TANKER GROSS WT) (89169)
ASE "4 §
(LAUNCH WT) (60303) - Lo ;
TANKER MASS FRACTION osssa | ' TRANSFERREDTOSOC .
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2,3.9.% Fluids Inventories for Propellant Tanker, SOC Sterage Tank, and SB OTV
Flulds Inventorles for the propellant tanker, a SOC tank module, and an SB OTYV aro
presented in tables 3.3.9-4, -5, and -6, respectively. These Inventorles reflect the

i Table 3.3.9-4 Propellant Tankor Flit 1 Inventery

s St R )

2 O to NaMg Np
MAIN PROPELLANT & EPS REACTANTS |
=h XFER TO SOC (62,435 @ MR = 6.646) 7891 44,644 A
=t XFER LOSSES (1.0% Hy, 1.0% Og) 7
= TRAPPED IN ACQ SCREENS (2.0% H, 2.0% Op) 189 898 g
i) TRAPPED IN SUMP/LINES e o |
HOILOFF LOSSES — ASCENT ” 14 1
PRESSURANT IN MAIN LHg TANK 87 )
PRESSURANT IN MAIN LO, TANK 26 Il
PRESSURANT RESIDUAL IN MAIN TANK BOTTLE 12 }
PRESSURANT XFER TO SOC — PNEUMATICS 21
PRESSURANT RESIDUAL IN PNEUMATICS BOTTLE 18 »_
ACS FLUIDS i
XFER TO SOC 860 .30 i
XFER LOSSES _— - \"
TRAPPED IN NaH4 TANKS 1"n 23
PRESSURANT RESIDUAL IN SOTTLE —_ 12
8213 45881 161 671 65
| S——— -}
54,204 @ 5.600:1 ;

following guldelines: a propellant tanker sized for 100% recharging of a SOC storage
tank, two SOC storage tanks slzed for 100% recharging of three single-stage SB OTV's,
100% purging/venting of all onboard cryogenics and ACS propeliant prior to a recharging
operation; and no purging/venting of onboard helium and nitrogen pressurants from
depleted gas bottles prior to a recharging operation,
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Table 3,3.0-8 8S0C Starage Tank Flulds Inventory

S 4

Ny Oz Mo Niy Ny

MAIN PROPELLANT & EPS REACTANTS
XFER TO OTV (46,887 @ MR = 6,716) 7429 4488
XFER LOSSES (1.4% Hg, 1.8% O5) 104 80?7
TRAPPED IN ACQ. SCREENS (2% Hg, 2% O) 160 848
TRAPPED IN SUMP/LINES 1" 181
PRESSURANT IN MAIN TANKS 187 260 ‘z
PRESSURANT XFER.TO OTV — PNEUMATICS N A
PRESSURANT RESIDUAL IN BOTTLE 121

. e L o e

ACS FLUIDS ;
XFER TO OTV
XFER LOSSES
TRAPPED IN NoH4 TANKS
PRESSURANT RESIDUAL IN BOTTLE - 84

..|§
-l
-
S

7897 44,544 142 B0 &4

|
62,435 @ 65,645: 1 :
Tdble 3.3.9-6 SB OTV Fluids Inventory 9

" 02 Mo NaMg No
MAIN PROPELLANT & PRESSURANT \_
USABLE (32,660 ¢ 6.000: 1) {4851)  (27,009) ‘
NOMINAL @) 27087 -
RESERVE L) 2% 3
RESIDUAL/LO:ES (912 {440} 1,
TRAPPED o 1) =
6IAS » -
PRESSURANT ~ MAINTENANCE w "
PRESSURANT - PNEUMATICS - - 18
CHILLDOWN/START/STOP o 107
GOILOFF/VENY » ]
BALLUTE INFLATION 6 -
THRU ENGINES DURING A/B " ®
€PS REACTANTY
NOMINAL 8 L
i RESERVE 3 ]
RESIDUAL ' .
ACS FLUIDS
NOMINAL 20
RESERVE )
TRAPPED ?
PRESSURANY -
1nee
TOTAL 47 s 18 30 1t
| ORUR—
2WIG BN
¢ 14 USABLE, 4 AIESIDVAL **  S.2USABLE, 1.8 RESIDUAL

107




one s R
GRiGaAL, e

0 bl QM{-\U’\\’“\?

23,10 Turnaround
A key facter asaeclated with any reusable transportation aystem s the ameunt of

time and numher of pomennel required to prepare the vehicle for another glight. The

term wed to deseribe vnla effort 1s called "turnaround,” The time elemont ls signiflcant

dnce If turiaround takes more time than that avalloble between flights, then anothor
’ vehicle must be avallable or additienal crew must be added to turn the vehicle around in
the required time. The turnaround operations are particularly significant for the SB OTY
since the Impact of equipment and personncl In orbit Is genorally moro costly than if
provided-on the groﬁund. For this reason and beeause turnaround at a space base had not-
been previously defined, the turnaround analysis was only performed on the SB orv. (GB
OTV turnaround was analyzed In the Phase A studies.)

* Turnaround Flow - The turnaround flow for an SB OTV Is shown in figure 3.3.10-1, Six
PEIVIBI0  |mmme POSY BLIGHT ACTIVITY |

= | VISUAL
3 | inspacrion
> o} D580 D)—o{ " COMPILT EHEDULED
- MAINTENANCE LST
?;, ANALVS(S OP FLIGNT DATA TO
== DETCRMING FAULTY LAU'S
¥ AL - |
P sTORE | (V. ON J
- wre Lo e e !
! PAYLOAD PAYLOAD READY
-~
3.
T}'

4 %f&?gn g %‘.‘“ * 53:&“0.;& :
A !
: 3
1. AN pprp—— L _ve Al i
B

;;. oL TANK heettdo] REOUINED
=1 k
i Figure 3.3.10-1 SB OTV Turnaround Flow ’
BE major types of operations or events occwr. These includes (1) post-flight activity, (2) ‘
) scheduled and unscheduled malntenance (referred to as refurbishment In this study), (3) “

i checkout, (4) storage or standby, (5) payload handling and rmating, and (6) loading of
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consumables (refueling), Each of these eperations, except payload mating, has heen
dincussed In preceding sectiams, The payload mating operation. Invelves the physlcal
attachment of the paylead and OTV In terma of any rogulred structural, eleetrical, fluld,
or avionics laterfaces, 1t should also be noted that three majer checkeut perlods oceur in
the nérmal flow and relate to cach major configuration change. One checkout oceurs
prlor to the payleud matlng te allow better.access should seme falluce be dotected,
Another checkout perled- occurs pelor to propellant loading to avold detanking of the
vehicle in the event-a fallure occurs during the payload mating operatien, The final
checkout occurs just prior to deployment from the space base to ensure that all systems
are good prior to the start of the mission.

Crew and Timeline.-_The time and personnel requirements associated. with the turnaround
are shown In table 3.3.10-1. As noted, these data present an extreme case.in that the

Table 3.3.10-1 Turnaround Time~Extreme Case
@ ONOHBIT ACTIVITY

EVENT DURATION (HRS)  PERSONNEL/SHIFY
o PREP OTV FOR BASE OPS 4 2
® UNSCHED, MAINTENANCE w0 [ 3
o SCHEDULED MAINTENANCE [3~» | 3
¢ CHECKOUT OTV ONLY 2 2
¢ PAYLOAD MATING OPS 4 3
: CoAPAeBEFAce cio o> :
o FRE-FLIGHT CHECKOUT ‘ 2
SUBTOTAL 60 HRS
8 DAYS (18HIFT)
© REQUIRED GROUND TIME 3DAYS
(MAINTENANCE PLANNING)
@ TOTAL REQUIRED TIME 11DAYS
© TIME BETWEEN FLIGNTS (WORST CASE) 16 DAYS (AVG 1517 DAYS)
8= @ TIME REMAINING (MARGIN) 4DAYS e

o EXTRA PLANNING TIME
¢ REPAIR AFTERAC/O

[T> 4 6RU'S PLUB BALLUTE INSTALLATION
[I>> BALLUTE ONLY, ENGINE IN UNSCHEDULED CLASS

urscheduled maintenance time reflects the removal and replacement of four SRU's (see
sec. 3.3.8) rather than the mean of one SRU per flight. The time requirements also
reflect one work shift per day; each containing 6.5 hr of actual worktime, The total on-
orbit turnaround time s approximately 8 days, while another 3days are allocated for
analysis and planning at the ground mission control center. Even with the time between
flights being as short as 15days, a margin of 4 days exists, Crew requirements include
two to perform the actual removal and replacement operations within the hangar and a
third person to peform checkout operations In the control center of the SOC.
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%3.11 Lawmch and Recovery

As Indicated in the study guldelines, a key task was to determine the most cant-
offectlve launch system for the Indlicated missien medel. Once seloeted, tho launech
gystem was then asscised to detormine difforconces betweon the OTV baolng medes In
terms of 1ecovery (Barth roturm of koy clements) and detalied launch manifesting.

3.3.11.1 Launch System Sereening and Sclection

The significance of the launch system Is Indicated by tho fact that (1) it contributes
the majority of the total transportation cost, (2) Its cost per pound of payload has a major
influence on the technology selected for the OTV, and (3) It establishes constralnts on the
OTV and propellant tanker size In terms of mass, envelope, and operating modes.. The
selection of the launch system was Initially based on preliminary OTV performance
estimates and the assumption that all launches would be mass limited. This approach was
used in order to reduce the nunber of launch system candidates as quickly as possibleso a
more detailed assessiment of the selected system could be made.

Launch Requirements - The launch requirements for the assumed 1995-2005 mission
model are shown in table 3.3.11-1, A total of 72 crew jaunches are required in addition to
6525t and 7345t, respectively, for the SB and GB OTV concepts.

Table 3.3.11-1 Latinch Raquirements
Crew launches  (72)

LEO base 44
GEO base 28
SB OTV  GB OTV
Cargo (t) (6525)  (7345)
GEBO payloads 860 860
LEO payloads 825 825
OTV propellant 1000 4400
Propellant handling 400 0
and trarsfer losses
Tanker or stage 440 1260
dry welght and ASE

Crew launches reflect crew on-orbit staytimes of 90 days. Separate launches are
assumed for each base, The GEO payloads are those discussed In section 3.2, LEO
payloads Include those associated with SOC as well as LEO-type spacecraft.

The SOC payloads consist of crew and base supplles amounting to 65 t/yr (including
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dry welght of logistlcs module) for an elght-man—crew and the base located at 370 km,
The supplies are dellvered every 90days, A total of 10 t/yr was allocated for LEO
spacecraft and/or thelr supplies. The OTV propellant mass retlects preliminary rather
than final OTV design features, As such, the SB OTV showed a 10% performance
advantage versus 2.5% for the final design. Propellant losses assoclated with SB OTY
refucling were assumed to b2 10% of the flight propellant (pilor to refueling analysis),
thus making the total propellant to be launched the same for both concepts.

Launch _System Candidates - Four types of launch systems were conhsidered for FOTV
application. The overall configurations and key characteristics of the systems are shown
in figure 3.3.11-1. In all cases, characteristics were obtalned-from prior studies (refs. 1

o ‘
SHUTTLE DERIVATIVE UTTLE DERIVATIVE
M EHICLE  STANDARD SHUTTLE SHUTTLE GROWTH | (e),0 ROCKET BOGSTEA) | (LIGUID ROCKET BOOSTER)
43
CONFIGURATION
_ ]
ORBITE * ORBITER s EXPENDARLE CARGD SHAGUEE « BFENDABLE CARGO SHROUD] 3
waicn i | Mo ESSImRN | h
ELEMENTS TER (2) BOOSTER 2) o SOL ROGHET BOGITER &) « LIGUID ROCKET BOOSTER ¢4
APPLICATION CREW AND CARGO CHEW AND CARGO CARGO €ARGD
-D#VL-—"— i“llmo 457 2 189 457 x103 N It
M" 29,800 47,000 €200 4,000
DOTRE . o 2038 128 108 @®
oo cosT o 0 Py L 70M
cosvpr () nm@® nom@® a.ou@ wn@® :
w— A
ALL COST IN 150 DOLLARS g GRBITEAS KOT INCLUDED (7) WHERE APoROD lncwnu FROM PHASE A OTV
FOR PLIGHT RATE VYR © A 7o $AUTTLE GROWN () PROM NASS 32388

Figure 3.3.11-1 Cundidate Launch Vehicle System Key Characteristics
and 7) with the only adjustments in thi¢ study being to reflect 1980 dollars and payload

delivery capability to 370 km.
The key distinguishing features of the systems relative to the standard shuttle are as
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follows: the shuttle growth employs liquid rocket boosters (LRB) using Lozlhydr@carbon
propellant rather than SRB's. The shuttle derivative with SRB's has the orbiter replaced
with a payload centalner (shroud) that Is expendable but has a reusable propulsion/avionics

module contining three Space Shuttle main englnes (SSME) and the key avionics systems
used during the flight. Theshuttle derivative with LRB's also uses an expendable payload

shroud and reusable propulsion/avionics module,

Four different combinations of these vehicles were c¢onsidered to.satisfy the

Integrated transportation requirement of launching both crews and cargo.

L.
2

3
b,

Basic STS only—Launches crew and all cargo.

Basic STS plus shuttle derivative with SRB=STS launiches crew and a portion of the
cargo while the SDV SRB launches the bulk of the cargo.

Shuttle growth only—Launches crew and all cargo.

Shuttle growth plus shuttle derivative with LRB-Shuttle growth launches crew and
a portion of the cargo while the SDV L RB launches the remalnder of the cargo.

Comparison and Selection - The life cycle cost comparison of the launch system

combinations is presented in figure 3,3,11-2, The ordinate value in the crossover plot

¢ 11 YEAR PROGRAM
(10882006}

¢ 1080 DOLLARS
+FOTV LOW MODEL
i ¢ NON DISCOUNTED +COST INCLUDES
2o
oL EQR SR OTV “ 0P8

12}

ars
SHUTTLE GROWTM
+S8DV/LRE

LAUNCH COST (BILLIONS)
»
LAUNCH SYSTEM LCC (BILLIONS}
3

at L
DOTE
a >
éT D U’\‘ﬂ.ﬂ SHUTTLE %H 00 . 2 n e
SHUTTLE * GROWTH GROWTH i
SOV/SRB (LRB) pre v"n,ha TOTAL CARGO (1000 MT)

Figure 3.3.11-2 Launch System Comparison Initial Selection
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i reflects the DDT&E and production cost while the slope relates to the operations launch
e cost, including the 72 crew launches,

4 These data Indicate that the standard STS plus SDV SRB combination provides a
o considerable cost margin at the indicated cargo requirement, In addition, this combina-

tion has the characteristics that provide the least cost overa cargo range from 3000t to
15 000t. A system with this degree of cost effectiveness tends to offset reservations
about extreme accuracy on the mission model and the fact that the final SB OTV
propellant launch requirements were about 1000t higher than the preliminary estimates.

3.3.11.2 Recovery of OTV-Related Elements

The least-cost launch fleet (STS plus SDV SRB) does present a key problem,
however, in terms of providing capability to return OTV-related elements to Earth. The
extent of this problem and alternatives are shown in figures 3.3.11-3 and 3,3.11-4 {or the

® RETURN CARGO:  LOGISTICS MODULE (LM) AND OTV'S

@ FLIGHT FREQUENCY MATCH.UP (>

TIME IN WEEKS
2

+3 % 1 TOTAL
LEO CR/RS A 3 vh Y )
GEO CR/RS [i> A A -2 .
OTV & PiL a3ep A A A A A - 182
® GCONCLUSION

e EVEN IF THERE WAS LENGTH COMPATIBILITY, ONE-HALF OF OTV'S ARE
STRANDED

ALTERNATIVES )
® ALTERNATIVES \VLOAD RETURN CAPABILITY FOR OTV'S — - BEST BET

¢ DEDICATED ST8 FLIGHTS —— GREATER COST/FLY

[=> FLIGHT TIMES ARE APPROX
[E=> CREW ROTATION/RESUPPLY; CREW IN CABIN, SUPPLIES IN LM

Figure 3.3.11-3 GB OTV Return Cargo Requirements

GB and SB OTV, respectively. The problem s basically that with an SDV using an
expendable payload shroud, the only system avallable to return OTV elements Is the STS ,
orbiter. For the reference mission model, the total number of SB OTV propellant tankers 1
?
!

(102) ot the number of GB OTV's (182) both exceed the number of orbiters available (72).
In addition, since the orbiter also contains a SOC logistics module, the length remaining in
the cargo bay is not sufticient for either an OTV or tanker.
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@ RETURN CARGO: LOMIGTICS MODULE (LM) AND PROP, TANKERS
o FLIGHT FAEQUENCY MATCH-UP

TIME IN WEEKS [
Msp 8 0 12 30 J.E-_?,L._,..._,__,“ 27 TorALg,
LR 4 R . -
GEO CR/RS e | R § .28
SOVIANKERS. O TN A Fy 'y 'Y - 102
PRELIMINARY CONCLUSION

© WITH SOME DIFFICULTY TANKERS MAY BE MATCHED TO RETURN
GN ST8 FLYS - IF LENGTH COMPATIBLE,

® LENGYH MATCH.UP

LOGISTICS MODULE + DOCKING MODULE = 8.2 M
TANKER LENGTH = 13,7 M :

TOTAL LENGTH » 22 M > 18.3 M OF CARGO BAY

® FINAL CONCLUSION
TANKERS CANNOT BE RETURNED ON STS FLIGHTS

@ ALTERNATIVES
SDxe\:‘lgRJ&V%&Agc?‘%TURN CAPABILITY FOR TANKERS — gggx#ﬁﬁn‘t
EX - LESS FLEXIOILITY

[C> TIMES ARE APPROX
[> CREW ROTATION/RESUPPLY; CREW IN CABIN, SUPPLIES IN LM IN CARGO BAY

Figure 3.3.11-4 SB OTV Return Cargo Requirements

Several options are available to each basing mode to overcome this problem. The
one selected, since it was common to both modes, was the use of a reusable payload
system. This concept combines the previously expendable payload shroud and reusable
propulsion/avionics module into one integral unit so the whole system is reusable. In this

manner, e:ther OTV's or tankers can be returned. The contiguration and system

characteristics of the recoverable and expendable shrouds are shown in figure 3,3,11-5,

of 10t in payload and
It should also be mentioned that reentry and recovery of such a

therefore, must be viewed as

The key disadvantages of the recoverable system include a decrease
additional DDT&E cost.

system presents some challenging technical problems and,
having relatively high risk,

|
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@ REFERENGE OLASE 1 VEHICLE - BXPENDABLE SHAOUD
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SALTEANATE - RECOVERABLE INTEGRAL SHROUD AND PAM.

® PAYLOAD CAPABILITY
® 60,8 MT 0 970 KM

- * '
dasee? " EARARBUALD

¢ STRUCTURE
- b i » . . (Y] - . Tps

?. ¢ LANDING SYSTEM
| o A DOTAE OF §100M

\ g ENGINE PROTECTION DOORS

* COULD BE 24.5m
Figure 3.3.11-5 SDV Shroud Options

3.3.11.3 Launch Manifesting Results_

The final number of SDV launches required for the payloads and OTV-related
elements was influenced by several factors. These included (1) the utilization of the
reusable payload system, which provided less payload, and (2) a more detalled launch
manifesting analysls that considered payload lengths and allowable mixes rather than
payload mass only, thereby potentially resulting in some volume-limited lauriches.

A summary of the guidelines and assumptions used in conducting the manifesting
analysis is presented in table 3.3.11-2. The goal in the manifesting analysis was to try to
achieve mass-limited launches. The number of $TS launches_for crew rotation/resupply
was the same for all the OTV options; however, the payloads included in these launches
could be different. This analysis also reflects the propellant requirements associated with
the final OTV design features and propellant refueling losses.

Manifesting for a single-size GB OTV and the mission model payloads is shown in
table 3.3.11-3. This OTV is always launched with its payload. A total of 196 SDV
launches were required, with the majority being for the combined launch of an OTV and
its payload. It should be noted that the majority of these launches have a mass load
factor of approximately 63%. Launching payloads with the OTV also results in 21 STS
launches being considerably underused.
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Table 3.3.11-2 Launch and Return Manifesting Guidelinas and Assumptions

o NO FORE -THAN THO PAYLOADS PER LAUNCH (IF POSSIBLE)

o DO NOT MIX DOD PAYLOADS WITH NASA OR CIVIL (IF POSSIBLE)

& CREWS OCCUPY_STS ORBITER CABIN

o BASE LOGISTICS MODULES DELIVERED WITH STS (INCLUDES DOCKING MODULE)

® 0TV IMPLEMENTATION OPTIONS |
o GROUND BASE - ONE SIZE (LAUNCH WITH PAYLOAD IF POSSIBLE)
o GRCUND BASE - BIG AND LITTLE (TWO LITTLE OTV'S AT ONCE
IF POSSIBLE)
o SPACE BASE - ONE SIZE
- BIG AND LITTLE TANKERS

@ KEY PAYLOAD CHARACTERISTICS
TYPE MAX, MASS (MDD  LEN (M) CODE

LEO LM + DM + PH 20 11.3 LM = LOGISTICS MODULE

LEO LM + DM 8 8.2 DM = DOCKING MODULE

GEO LM + DM 4 6.4 PM = PROPELLANT nonm.'f

SB OTV 37,7 14,2 SOC ORBIT KEEPING)

TANKER - BIG 60.4 14

TANKER - LITTLE 4.2 10.4

6B OTV BIG 38.9 12,6 -
GB OTV LITTLE 26.8 10,5 e
GEO PAYLOADS SEE MISSION MODEL SECTION

Table 3.3.11-3 One-Size GB OTV Launch Vehicle Manif esting
REUSABLE SDV LAUNCHES (186)

~ REMAINING CAPAB REMAINING CAPAB
TveE [>WASS  LEW _ TvPe [C>Mass  LEN
. , OV + PAYLOADS (182)
LM+ D02+ PM (35} . AVERAGE FLT 2 ()
+ °
uf m-%u +PM(2) MAX. FLT 72 o
LM+ DM +PM ) 0
v > o o1V oKLY (1)
ASSECONDSTAGE 1 W
QEO CR/BS FLISIZN
‘e OM @1) » "e QEO PAYLOADS ONLY (3)
g s DRPZ(Y 0 0 > 4. oA “© a1
i LM+ DMePIL3E) 0 0 B> 1. 510 “® a1
A

[T>> mASS IN MT, LEN. IN METRS
[i> MISSION NUMBER
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A more effective manifesting approach for the ground-baged OTV mode was to
utllize two sizes of OTV's and, en occasion, have the payloads launched separately. The
results of this approach are shown in table 3.3.11-4 and indicate that the number of SDV
launches was reduced to 138, The smaller OTV was used for delivery of GEO payloads
with masses up to 8300 kg or for round trips of approximately 3900 kg. Payloads larger
than these values would use the larger size OTV, With the assumed mission model, the
small OTV was used In 116 out of 182 OTV missions. The launch mode employed when
using the small OTV's consisted of having two of the OTV's launched together, preceded by
their payloads, with mating of OTV's and payloads occurring at SOC. Launch of the large

size OTV also included its payload with the noted exceptions.
Table 8.3.11-4 Two-Size GB OTV Launch Vehicle Manifesting

STS LAUNCHES -12) REUSABLE SDV LAUNCHES (138)
REMAINING
CAPAB, v REMAINING (>
TYPE _MASS  LEN TYPE
[ ] . 4
* £ (44) ® FOLLOWING ON EACH FLT
®
PLUS ONE OF FOLLOWING D\; GEO BASE MODULES 2 3 €12
ON EACH FLIGHT: 14, GEOC BASE EQUIP (a! 17 60
3 ADY oMM GAT 11 34| B Moumesumon ke 8 18
Y. DODCLIA. oy 12 2% Ch 2 '
RESEY o M M| mEReme @ 8 8
"SAT MAINT PROV Lo ? ' b "
° (1) 3 20
¢ 8| E (28) ’u'i?é‘é‘a' 5, issioN + soc p
L ]
PLUS ONE OF FOLLOWING ¢ AS secou’b s’TAg'!' {8) 1B 60
?N egga 'z-ll;ﬂah . 21 MISSIONS 2,3, 13, 21,22
1 COMM LAY AT H 8 2. o AS SECOND STG + S50C PM + 22 (6) s 20
4 PERS COMM SAT 6 ? 24 i 2 © 6
4 DODCL3 .
D{n UNMANNED GERV pROV ©) 4 10 766 STO + DSR i _ e 0
MISSION MODEL NUMBER, NAME & NO, OF FLTS
MASS IN MT, LENGTH IN METERS
[F> COMBINE ON EACH ELT.

Manifesting of the SB OTV elements and mission model payloads Is presented in
table 3.3.11-5. This concept required only 121 SDV launches. The reduced humber of
lamches occurs primarily because propellant makes up the bulk of the cargo (80%) and is
telatively easy to achieve mass-limited condltions; particularly when using two sizes of
tanke.s and offloading as required when GEO payloads are included in the launches. It
should also be noted that this analysis reflects the final propellant launch requifement,
which was 5400t rather than the 4400t used in selection of the launch system. The
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Table 3.3.11-5 SB OTV Launch Vehicle Manifesting

SIS LAUNCHES (72) REUSABLE SDY LAUNCHES U21)
REMAINING | AEMAINING
TYPE MAss A&gl_\’ Tvee _ gﬁxﬂu

° ® JANKERONY 1191 MASS LIMITED
LRI Z
PLUS ONE OF FOLLOWING

> 5 AGY CoMMPLAT M 7 a4 | o TANGRARRGA Wp AVAIL PER FLY
3. PEMBO M 'l’ 0 8 24 . PHOP ¥ E OF
i Bodts W% TSl e |, m
12.'&19. NASA P/t AND 8 | [>e "osn — ug
SATmamTrRoy T 10. DOD CLASS 1A 1‘
13, GEOBASEMODULES {2 {
22 UNMANNED SER. )
VICING PHOVISIONS
23. PLANETARY ) a7 L)

OW
¢ PLUS ONE OF FOL Ogtafldﬂ

,-

VOLUME LIMITED

ON EACH FLIGHT: 386 14 S :
B> 1 v eoum praY i; s & 818 §T0 & GEOBASE (1
1
3 PERSCOMM SAT 0 1 24 OUIPMENT “
o BB 2L .o
)y AN,
P = 41(87)
[T> MISSION MODEL NUMBER, NAME; (NO. OF FLTS) [i>> ST =SHORT TANKER, MAX Wp = 41 MY

(> MASS IN MT, LENGTH IN METERS [©> LT=LONG TANKER, MAX Wp = 1.4 MT

number of launches identified for OTV's satisfies the wearout, relaunch due to unsche-
duled ground maintenance, and standby units to serve as second stages or backup.

In sunmary, a more detalled manifesting analysis indicated that the ground-based
OTV concept could not achieve the degree of mass-limited launches possible with SB oTV
systems. The ground-based mode could achieve a fairly high degree of manifesting,
however, by using two sizes of OTV's. This approach saved 58 SDV launches, compared

with a single-size GB OTV, and consequently was the mode used in the cost comparison
with SB OTV's.

3.3.12 Impact on Space Base

A summary of the OTV basing mode impact on the LEO $pace base (assumed to be
SOC) is shown in table 3.3.12-1. The data for the GB OTV mode ate indicative of the
mode using two sizes of OTV's. The most apparent impact of the SB OTV is its need for
propellant storage tanks and hangar, as illustrated in figure 3.3.12-1. Again, It should be
emphasized that the hangar serves a dual role in terms of previding debris protection
while at LEO and being a maintenance facility.
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Takie 3.3.12-1 OTV Basing Mode Impact on SOC

GROUND BASED, SPACE_BASED
1MPACT 01y (2 812E8) W
® HANGAR ® HONE, xm,gggeozgm TN ® 4 (ONE FOR EACH OTV)
o DEBRIS PROTECTION : ONLY ONE WITH MAIN- 4
© HAINTENANCE CAPAB, 3'DAYS (DEDRIS PROTECTION) @ TENANCE CAPABILITY 15
® MAINTENANCE CAPAB. ® NONE ® SCHEDULED & UNSCHED,
® CHECKOUT CAPAB, © OTV/PAYLOAD ® OTV LR
® OTV/PAYLOAD i
° ® NUNE e (2) 62 MY TANK SETS 5
REFUELING AND ALL ASSOCIATED it
PLUMBING & CONTROL i
SYSTEMS e
@ DOCKING PORTS e otv (3) o o1V (4) 1 l
o PAYLOADS (3) @ TANKER (1) "
e PAYLOADS (3) e
i
= ® HANDLING (MATING) e oTv/oTV (11) e oTv/oTV (11) |
7 PROVISIONS FOR: © OTV/PAYLOAD (135) o OTV/PAYLOAD (162) i
53 ® OTV/RECOVERY VEHICLE (193) ® OTV/RECOV. VEH (6)
2 © PERSONNEL e 1-2, 10% DUTY CvCit ® 3} 40% DUTY CYCLE 7
LA |
gy '
‘ ’!»’
i% ’ i
8 ]
- OTV HANGAR -]
PROPELLANT
STORAGE i
TANKS .

SERVICE MODULE

LOGISTICS MODULE

ERPRE R

4]/~ SOLAR ARRAY f

Figure 3.3.12-1 Hangar and Propellant Storage Installation o
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Handling and mating operations associated with the OTV and payloads are nearly as
high with the ground-based OTV mode primarlly because of the 116 small OTV!s being
launched separately from their payloads. The GB OTV approach also requires considerably
more mating operations between OTV and recovery vehiele because all OTV's return to
Earth, In the-case of the SB OTV, the only OTV and recovery vehicle operations ace those
which return an OTV for unscheduled ground-malntenance, The SB OTV refueling tanker
remalns within the SDV payload shroud and transfers propellant via lines; therefore, no
handling Is necessary.

The crew size and duty cycle are greater with an SB OTV; however, the magnitude
appears acceptable when considering that the nominal.crew is eight and OTV support is
one of the three primary roles specified for SOC. The impact of the crew size wiil be
expressed as a SOC users charge.




33,13 Cost Analyses

This section-presents an overview of the scope, methodology, ond guldelines used in
the cost analyses, cost breakdown for the key elements, and total tramsportation life cyde
cost sumimarles,

3.3.13.1 Overview
Scope - As specified by the study guldelines, the figure of merit for comparing space- and

ground-based OTV's was to be life cycle cost of the total transportation system in

performing the Indicated mission model. This has been defined to Include the DDT&E,
production, and operations cost assoclated with the OTV's, all directly related orbital
support systems, and launch systems. This task was accomplished by using a combination
of both study-developed costs and utllization of costs from other studies when appropri-
ate. The study-developed costs included those assoclated with all OTV's, propellant
tankers, and space propellant storage tanks, Costs assoclated with launch systems were
for the most part taken directly from prior studies but updated to 1980 dollars. Payload
costs weré not Included for two reasons (1) this was a transportation analysis and (2) as
long as payloads are separate from trarsportation elements, thelr cost will be a constant
factor.

Methodology - The primary tool used for estimating DDT&E and production costs is the
Boeing: developed Paramettic Cost Model (PCM). PCM develops costs from physical
hardware descriptions and program schedules and allows the integration of any known
costs (or outside-generated costs such as subcontractor or vendor estimates) into the total
estimate. In this way, Boeing can assemble a program cost from the best available source
data.

An overview of the PCM estimating method is lllustrated In figure 3.3.13-1. As
depicted in the illustration, the scope of the program relative to quantities, program time
period, work breakdown structure, and assoclated ground rules and assumptions Is
established by the customer. Contractor program planners amplify the customer-
furnished directives into a design, development, fabricatlon, test, and spares philosophy
required to support the implementation of the program, These data, along with financlal
information relative to labor, support, and overhead rates, are assembled on a PCM
wglobal* level input sheet, which defines the program-level constraints that the cost model
will work within. To develop individual component hardware estimates, engineering and
manufacturing functionals describe the components that make up the subsystem. This
description requires a weight, hardware-type, redundancy, hardening, and circuitry-type
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definition and an assessment of complexity, development status, manufacturing process,
and required quality control level, These hardware data, in conjunction with program-
matic-level global inputs, are processed in the PCM cost model to generate cost
estimates,

The PCM is a collection of relationships and factors that have been developed from
Boeing's historical data base, consisting of man-hour and doliar data contalned in the
Executive Information System (EIS). EIS Is a company-wide data bank providing raw
information from which (in the case of PCM) functional man-hour estimating relationships
(MER) have been derived, These MER's relate program inputs to the model's internal
working logic. Each major functional area (project engineering; developmental shop, etc.)
making up Boeing's organization Is represented and interrelated In the model. These
functional areas are ultimately expressed in terms of man-hours required to fultill the
objectives of the program, which are converted to dollars using dollar-per-hour rates and
estimating factors that are appropriate for the tirne perlod of the estimate.

Development of operations costs for OTV's and propellant tankers was achieved by

e it ettt AT i g i o et e 2 s S iR
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performance for the Phase A OTV study. Primarily

adjusting data Inputs to the analysig
ght rate and the total number of fhghts In

this Involved the items gensitive to annual fll
the mission model.

Guidellnes and Assumptions - The guldelines and assumpticns used to determine DDT&E

and production €o3ts arc as followi

1.  ROM ASE costs derlved from Phase A study costs

2. 2.75equivalent units of test hardware (1ight vehicles and ASE)
3, Two sets of GSE Included in DDT&E

4.  One test flight included in DDT&E

5, Flight test unlts refurbished for operational fleet

6. 10% initlal spares

7. 90% production learning curve on stages

8.  95% production learning curve on engines

9,  Engine costs from MSFC

10.  All costs expressed in 1980 dollars

Hardware quantities used in developing production cost are presented In table

3.3.13-1. The stage quantities reflect the fleet size which Is necessary on a continuous
Table 3.3.18-1 Production Quantities

® STAGES SBOTY(10) GB=1 S1ZE(10) GR-2 SI2E8(12)
& FLEET SIZE (4) (8) (6)
© MANNED OTV 1 1 1
o BACKUP MOTV 1 1 1
o CARGO OTV | 1 -
o BACKUP CARGO OTV OR 1 1 1

2ND STAGE
¢ CARGU LITTLE (2)
© CARGO LITTLE BACKUP

® WEAR OUT (6) (8) (6)

® 209 STG FLIS
e 45 FLT DESIGN LIFE

[ ]

® ATTRITION (1) (1) (1)
© ENGINES (30) (30) (26)
@ AsE (3) (3) (3)
® GHE (3) (3) (3)
© IANKERS (4) - -

@ S0C STORAGE TANKS (4)

r—




basls, wearout hased on 43 flight design life, and attrition, Englne quantitles are based on
10 hr or 20 flights design life,

A

. - i BN . N . . i -

32.3.13.2 System Cast Summary
space-Bascd OTY - The DDT&E and theoretical flest unit (TFU) costs for the SB OTV are i
shown In table 3.3.13-2, The total DDT&E cost 18 $695M. The flight hardware design

Tablo 8.3.13-2 SB OTV DDT&E and TFU Cost Estimate i

. i }
AL AL N
B
.

DDISE (695) IEU , (29,6)
« FLIGHT HARDVARE DESIGN 369,5 STRICTURE 4.5 ;
e " R
a THERMAL CONTROL 10,2 avion 1 )
AVIGNICS 32,2 PROPULSION 5.5
PONER 10,6 ATT. CON 0.9
PROPULSION 275.0 ASSY. 8 C/0 3.2 !
r ATTITUE CONTROL 1,2 ' ‘ .
= BALLUTE 25,0 ]
o SYSTEMS ENGRG. & INTEGRATION 15,1 \
o IMTIAL ToLING o2 MILLIONS OF 1980 DOLLARS o
TEST HARDHARE 128,5
TEST OPERATIONS 74,4
o ASE 1.4
e GSE 18,9
o SOFTHARE 19.3 _
o LAISON/DATA 8.2 |
o PROGRAM MANAGENENT 39.3 =

portion is estimated at $370M, including $270M for the advanced engine. Avionlcs costs
reflect use of a radiation-hardened system. Test operations include ground test, flight

test operations, and users charge for a launch vehicle. The TFU for an assembled stage s
estimated to be nearly $31M. The main engine TFU is $1.36M. 1
The total production cost for the SB OTV is estimated at $365M; a breakdown ls 5
“o presented In table 3,3.13-3, The largest flight hardware contributions are avionles and
A malin propulsion. The ballute is also a major contributor because of being expended each 1
B tight. .
124
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Table 8.3,13-3 SB OTV Production Costs

COST IN MILLIONS
FLIGHT HARDWARE— 269.6

STRUCTURE 327
THEAMAL CONTROL 48
AVIONICS. 76.0
EPS 260
MAIN PROPULSION 613
ACS 67
BALLUTE 4.0
AIRBORNE SUPPORT EQUIPMENT 47

ASSEMBLY AND CHECKOUT 318

TOOLING 20.7

SPAHES ne

SUSTAIN:NG ENGINEERING 9.7

PROGRAM MANAGEMENT 20

TOTAL 3645

The operations cost per flight is shown in table 3.3.13-4, The cost of $3.5M per
flight Is based on 16-18 flights per year. Additional operations cost, such as the launching
of propellant, SOC users charge related to the turnaround of the OTV, and the tanker
reuse cost are charged separately against each of these items,

Table 3.3.13-4 Operations Cost Per Flight

GROUND OPS 048

FLIGHT OPS 268

SUSTAINING ENGR. 0.28

OPERATIONAL SPARES 043

PROP. & GASES 0.02
$3.73M

[I=>BASED ON 18-20 FLIGHTS/YR

Ground-Based OTV - Costs presented for the GB OTV reflect a program utilizing two sizes
of vehicles: a large OTV (approximately the same size as the SB OTV) and a small OTV
with approximately 70% as much propellant. As indicated in section 3.3.11, this approach
considerably reduced the number of launches as compared with a single-size GB OTV.

The DDT&E and TFU for the combined program are presented in table 3.3.13-3,
The DDT&E cost of $815M reflects a high degree of commonality between the vehicles in
terms of subsystems, ASE, and GSE. Key differences include tank size and propellant
fluenced by two versus one main engine. It costed alone, the large GB OTV

system as in
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Table 3.3.13-5 GB OTV DDT&E and TFU~Two Sizes

[ -1 I
o smemma o S o ot Rt Coo oy o

OOTRE (773.2) | TFU ~(30.8)
% FLIGHT HARDWARE DESIGN 370.2 STRUCTURE 04
STRUCTURE 26.0 THERM,CONTROL 0.8
o THERMAL CONTROL 144 AVIONICS 0.2
\ AVIONICS 274 POWER 3.2
POWER 9.9 PROPULSION 6.4
PROPULSION (1) 2763 ATT. CON. 0.9
ATTITUDE CONTROL 12 ASSY. & C/0 4.6
BALLUTE 25,0
e SYSTEMS ENGRG. & INTEGRATION 218
o INITIAL TOOLING 188 (MILLIONS OF 1980 DOLLARS)
e SYSTEMS TEST 261.2
TEST HARDWARE 169.9
TEST OPERATIONS 91.3
® ASE 22.7
® GSE 19.1
¢ SOFTWARE 68
® LIAISON/DATA 10
© PROGRAM MANAGEMENT 34.1

(1) INCLUDES ENGINE AT $ 271V

would have a DDT&E of approximately $700M. The small OTV, theréfore, requires
approximately another $115M. TFU's of $30.4M and $24.4M are estimated for the large
and small GB OTV's, respectively.

The total production cost for the combined GB OTV program is $392M; breakdown of
the cost is presented in table 3,3.13-6. Although two types of vehicles are involved, the
high degree of commonality makes the total number of componenis produced not too

different from that required for a single-size vehicle. .
Table 3.3.13-6 GB OTV Production Cost—Two Sizes i

FLIGHT HARDWARE $268.8M f

STRUCTURE 403

THERMAL CONTROL 6.8

. AVIONICS N2

EPS 224

MAIN PROPULSION 60.2

ACS 63

BALLUTE 49.0

y AIRBORNE SUPPORT EQUIP 0.6
ASSEMBLY AND CHECKOUT 326
' TOOLING 2
Ry SPARES 219
- SUSTAINING ENGR. 10.0
¢ PROG. MGT. 239
TOTAL § 3g2Mm
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The operations cost per flight for the GB OTV Is the same a5 for the SB OTV with
the exception that all maintenance costs are reflected, as opposed to a major portion ', )
being chargeable to the SOC. Accordingly, the cost per flight excluding launch is $5.5M. 1
Propellant Tanker for SB OTV - Two dzes of propellant tankers were used for the SB OTV :
concept so that the number of SDV jaunches would be minimized. One tanker is sized for -
a usable propellant load of 52t of I.()Z/LH2 and the other for 42t. i

DDT&E and TFU cost estimates were developed for the large tanker only and are
shown in table 3,3,13-7. The DDT&E cost was $315M and the TFU $10.9M. An additional
DDT&E cost of $125M was assumed for the smaller tanker based on cost scaling
relationships between the large and small GB OTV's.

Table 3.3.13-7 Large Propellant Tanker—DDT&E and TFU

DDT&E (314.4) TFU (10.9)

b
e
. .

-cj‘.‘. N
2

F &

dood EE
./l:_&';;'-o L N .

E

® FLIGHT HARDWARE DESIGN 416 STRUCTURE 4.1 ,
STRUCTURE 197 THERM. CONTROL 0.3 :
THERMAL CONTROL 11.0 AVIONICS 09 T
AVIONICS 67 POWER 0.2
POWER 0.2 PROPULSION a0 ‘ :
PROPULSION 4.1 ATT. CON. 05
ATTITUDECONTROL 08 ASSY. & /0 19 -
i BALLUTE : 1
\ o SYSTEMS ENGRG. & INTEGRATION  11.9 ‘ E
-, ¢ INITIAL TOOLING 13.1 (MILLIONS OF 1980 DOLLARS)
4 ® SYSTEMS TEST 1619
k TEST HARDWARE 784
TEST OPERATIONS 83.6
® ASE 227 J
® GSE 139 R
*» SOFTWARE 16.0 !
® LIAISON/DATA 64 )
® PROGRAM MANAGEMENT 290 ‘
] The operations cost per flight for the tankers was estimated as $1.5M. The gt ownd [
¥ operations associated with the tanker are less than for a GB OTV because not as many o
v subsystems are Involved; software development is considerably less since the system s not |
;:{ flown as an independent vehicle. The production cost for both sizes of tankers was
$150M.

Propellant Storage Tanks (at SOC) - These two tanks have essentially the same progstlant
capacity as the large propellant tankers, The DDT&E cost of the storage tank was
estimated to require an additional $125M. This cost was to cover differences in thermal
control provisions, space debris protection, and propellant transfer equipment including
plumbing, compressors, etc. Production cost per unit was assumed to be 20% greater than

A e s . e e S
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the tanker, resulting in the total cost of four units belng $80M. An operations cost for the
storage tank was not defined.

3.3.13.3 Total Transportation Cost Comparison

The final comparison of GB and SB OTV's for total transportation.cost includes two
key factors. First, only the GB OTV concept employing two sizes s included since it
required 58 fewer SDV launches than the single-size GB OTV. Second, it was declded that
since the RPS assoclated with the shuttle-derivative vehicle had a relatively high risk, the
comparison should be done with and without the use of this system.

The comparison of basing modes when using an. RPS s shown in table 3,3.13-8 by
program phase and in table 3,3,13-9 by hardware element. In t. "~ case, the GB OTV mode

Table 3.3.13-8 - Life Cycle Cost Summary With Reusable Payload System

. GROUND BASED AC D
S ML M L AT

{1918) (2360)
gmxen o1 223
YSTEMS THOD 128 (ROM) + TBD
SOV/RPE 1100 1100
(7e6) 4
TANKER -
SOC SYSTEMS v80 (ROM) + TBD
m:wm%r > 450 450
‘ (6868) (6860)
TANKER i (ROM)
g:ﬁ/m gggg
SYSTEMS T8D T8O
SOC USER cm% T80 78D
TOTAL COST TO DATE 8620 8908
RANGE OF REMAINING COST (TBD'S) < 100 < 300
POTENTIAL TOTAL COST @720 9298

[T> INCLUDES PROP. STORAGE TANKS
NOY INCLUDED: HANGAR, DOCKING S8YSTEMS, REFUELING PLUMBING AND CONTROL

provides a total transportation cost savings of approximately 5600M or 7% compared with
the SB OTV. Moreover, GB OTV provides approximately $700M savings in front-end costs
(DDT&E and production). The cost increment for the GB mode Is greater than for the SB
mode primarily because two vehicle sizes rather than one were involved. The operations
cost directly associated with the OTV in the GB mode Is larger because the majority of its

cost is shown here as compared with the SB OTV which has a portion of its operations cost
included as part of the tanker and SOC systems. Tanker costs for the SB OTV mode
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Table 3.3.18-9  Lifé Cycle Cost Summary With Réusable Payload System

o COST IN MILLIONS
o 1680 DOLLARS
GROUND BASED SPACE BASED
OTY-281268 OTV.18iZE
ary 1976 (1700}
ODTE i1 382
PRODUCTION 360 305
OPERATIONS 70 640
0 0
© 17“.)
PRODUCTION }m
OPERATIONS 40 (ROM)
(raot ‘%” ROM) + TBD
PRODUCTION mir«m +78D
OPERATIONS 160
4680
Rrrd ey
PRODUCTION 460 460
OPERATIONS 3038 2760
DDTE ‘-- ) J
PRODUCTION -
OPERATIONS 2060 2060
[ ] -]
QT. 11 '
I a3 e
POTENTIAL TOTAL 8720 9209

reflect two sizes and include a total of four units. The SOC system cost identified is that
for the propellant storage tanks. Both the GB and SB OTV's have a hangar and usefs
charge cost that is to be determined. A rough order of magnitude (ROM) cost for the GB
OTV mode is $100M, while the SB OTV concept is $300M because of more hangars and
additional personnel. Operations costs associated with the SDV RPS are due to the GB
OTV requiring 138 launches versus 121 for the SB OTV.

The second cest comparison considers the SDV without RPS, which means the use of
an expendable payload shroud and no Earth return capability with the SDV. These data
are presented in table 3.3,13-10 and indicate the SB OTV mode provides a benefit of
approximately $1.1B or 11% as compared with the GB OTV mode. The lower cost
provided by the SB OTV is primarily due to its belng able to use a more cost-effective
laurich system for cargo. The approach used by the SB OTV Is to continue using the SDV
but to switch to an expendable tanker. In the case of the GB OTV, however, the only
option available in this study was to utilize a launch system that could return the OTV to
Earth for servicing and reuse. The least-cost launch system which satisfies this
requirement is the shuttle-growth vehicle (see fig. 3.3.11-2 for cost comparison with the
basic STS).
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Table 3.3.13-10 Life Cycle Cost Summary Without SDV RPS

e  SPACE BASED OTV
V- SWITCH TO EXPENDABLE TANKER.AND SHROUD BUY RETAIN STANDARD SDV AND 8T8

- ® GROUND BASED OTV _
e GWITCH TO THE NEXT LEAGT COST LAUNCH 8YSTEM WHICH CAN RETURN REQUIRED
: PAYLOADS —-- SHUTTLE GROWTH
=1 © COST COMPARISON:
d GAOUND BASED  SPACE BAGED
) o1y (1876) {1700) SAME
B
1 A 126 EXPENDABLE
" .IA&&_&E M/ ( ml
D PRODUCTION 765
3 OPERATIONS 2
. ‘ ) _§OC SYSTEMS (Y8D) (208)+ THD  SAME
P i (N/A) (@10 EXPENDABLE SHROUD
kg PRODUCTION 400 SHROUD INCL. IN OPS
OPERATIONS 2760
_;2 gi00 (N/A)
; PRODUCTION 400
: OPERATIONS 6200
i §1s N/A) (2060) sAMc
¥ TOTAL COST TO DATE: 1057 9240
s T ATE DATE: 1008 ~300

o POTENTIAL TOTAL 8540

A final comment regarding the GB OTV mode without use of an RPS concerns the
concept of an expendable OTV to enable use of the SDV. First, all OTV's cannot be
expendable. Approximately 40 flights are to be manned and will return to LEO. There
are also 60 unmanned satellite-servicing flights that could be considered expendable
rather than reusable; however, they involve expensive servicing equipinent. Although the
manned OTV's could be expendable after reaching LEO, an interest in their reuse would
require additional STS flights to return them to Earth for servicing. The other 140 OTV's
could be expendable. The difference in their production cost versus reusable OTV's is §
estimated to be approximately $2.5 billion, even after the number of units and learning -
curve have been applied (average cost of $16 million versus $30 million for expendable and ,
1 reusable). There would be some savings in lauhch costs in the expendable concept because ,
‘ - the SDV rather than shuttle-growth vehicle would be used. This may be offset, however, .
K by the need to use more STS launches as indicated earlier. In summary, the cost increase
over a reusable GB OTV with SDV and RPS with a combination expendable and reusable o
GB OTV using STS and SDV (without RPS) is estimated to be about the same (approxi-

mately $2 billion) as the cost increase with the reusable GB OTV using only a shuttle-

growth vehicle, The reusable GB OTV mode is therefore judged to be the most desirable

because it has the potential to capitalize more froin technology improvements and docs
not have the operational nuisance of OTV disposal.




3.4 ACCELERATED TECHNOLOGY VEHICLES

This scction ldentifies the characterlstics assumed for accelerated technology
OTV's, describes the vehicles and thelr performance, jdentifles the lmpact on-launch
recovery, ¢stimates thelr costs, and compares the life cycle cost with normal growth
technology OTV's.

The major emphasis of this analysis was to evaluate the benefits of a liquid
fluorine/hydrogen (LFZ/LHz) main engine and an advanced LQZ/LH2 maln engine. Both
engines have better perforfnance than that provided by normal growth and, in the case of
the LFZILH2 system, a higher propellant bulk density which results In smaller vehicles as
compared with LO,/LH, systems.

For the most part, these data are presented in a format of direct comparison with
the normal growth OTV's.

3.4.1 Accelerated Technology Projections

Accelerated technology in the context of this forecast is defined as that which is
judged to be technically feasible by the 1990 readiness date but, at this time, is receiving
little or no funding to bring about its development.

Improvements_in subsystems other than LleLHz and advanced LO,/LH, malh
engines were judged not as significant as those provided by thé main engines; therefore,
only norimal growth technology projections for these subsystems have been incorporated.
A summary of the technology projections is presented in table 3.4.1-1.

In the case of the I.FZILH2 main engine, the existing data base was that provided by
the Pratt & Whitney report PDS-2687, "OZHZ and FZHZ Rocket Engine Parametric Data,"
dated 1968. The indicated specific impulse of 511 sec was projected by doing the
following: (1) the engine length was allowed to be the same as for the normal growth
10,/LH, engine (1.524m stowed, 3,048m overall) and (2) the ratio of performance
improvement in Lozll.H2 engines between 1968 and that projected for 1590 (as suggested
in sec. 3.3.2) was applied to the 1968 l.Fz/l.H2 data to obtain Its 1990 performance
prolection, The assoclated mixture ratio, chamber pressure, and welght are also indicated
and an area ratio of 600 was assumed. Engine life and DDT&E costs reflect a compromise
between data available from reference 8 and from discussions with Pratt and Whitney
(P&W). The LF,/LH, engine DDT&E cost Is estimated to be 75% greater than for a
comparable l.Ozll»H2 engine, while the design life for the engine and the stage is assumed
to be 75% as long as for an LOzlLﬂz system. The significantly greater bulk density of the
LFZILHZ. as compared with LOZILHZ. relates to its atomic structure resulting In a
stoichimetric combination with hydrogen at a mixture ratio of 19 as compared with 8 for
LOZILHZ.
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Table 3.4.1-1 Chemical OTV Accel¢rated Techriology

® SUBSYETEMS
® STRUCTURE-.-.. COMPOSITES ALAEADY USED.EXTENSIVELY
@ AVIONICB:: ... NOMINAL REDUCTION IN WEIGHT & POWER
@ MAIN PROPUL, -~ FLUORINE/HYDROGEN, ADV 1L.O5/LH,

® ACS:----NgHg STILL MOST EFFECTIVE
® THERMAL..-..MODEST IMBROVEMENTS

¢ MAIN ENGINE CHARACTERISTICS (GBKN) == -«--e TVYP. OF 8 OTV
(EXPANDER.TYPE) NORMAL
KEY PARAMETER LOg/LH, LFp/LHy ADV. LOg/LH,
SPECIEIC mruwe SE
mane TI0 @/F)c ' 3?16 “’1 m
EXPA %u 700 ‘33;1
BER PRESS (K P} 11032
wetcm (Ka) 163 163 2"
LIFE (HOUR AM 10
DDTE 270 W
® PROP. BULK nensmr (ka/m3) 360 #12

Improvements also have been projected in LO.le..H2 engines beyond that character-
lzed for normal_growth engiries. An Isp of 499 sec can be envisioned through
improvements in combustion chamber thermal performance and/or turbomachinery effi-
ciencies. A 10% weight reduction is also suggested through development of lighter weight
turbomachinery. DDT&E costs reflect a 25% increase over that of a normal growth new
l.()Z/LI-l2 engine.

34.2 I.FZII.H2 OTV's
3.4.2,1 Design Considerations

Rocket propulsion systems using l.l'-"z/'l.l-l2 propellants have been successfully
designed and tested including modification of a PXW RL-10 engine that used LF, as an
oxidizer. Successful operation of the RL-10 was accomplished for a total of 1000 sec of
engine operation with only minor damage. The primary design problems are those
associated with materials compatibility with fluorine. Metals that have been suitable for
use with fluorine, as recommended in réference 9, include: 2219-T87 and 6061-Té6
aluminum, 304L and 17-4 CRES, A286 steel, 6AL-4V titanium, nickel, and nickel-copper
alloys such as Monel, Inconel 600V, and Hastalloy B. Tiwese metals form hard, tough,
fluoride surface films when passivated by exposure to gaseous fluorine. Most organic
compounds react readily with fluorine. Teflon (carefully prepared) is resistant to fluorine
in a statlc application, but its tendency to cold flow can lead to edge conditions or voids
which are conducive to attack in a dynamic fluorine system so that it becomes
unsatisfactory for valve scats or dynamic seals. Metal valve seats and seals are
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f’.f preferred, Cleanliness of fluld systems exposed to liquld or gaseous fluorine Is vitally
important, Contarmninants such as grease, oll, Inclusions or flux residues In welds, or
molsture cause reactions which may become self-sustalning Molsture reacts with
fluorinie to form HF (hydrogen fluoride or hydrofluoric acld) which, In turn, reacts with
the fluoride surface layers on some metals causing brittleness or complete breakdown.
Systemn designs should avold sharp corners or dead-¢ended pockets where turbulent flow
conditions may produce accelerated corrosion or provide traps for contaminants which can
cause self-sustalning reactlons.
Both fluorine and HF are highly toxic and are safety hazards to personnel.

3.6.2.2 Space-Based OTV

The configuration for the SB LFZILH2 OTV is presented in figure 3.4.2-1 along with
the normal growth LOZILHz OTV. Sizing of the ‘age was established by the 0.2g delivery
mission of 32t to GEO. Such a misslon requires two stages of the size indicated. A

@ ACCEL. TECH, LF2/LH2 OTV a%“‘&‘m,
, RT MASS (MT) LOz2/LH2 LF2/LNg
~ \ DRY e 31
: \ PROP 326 204
aom . GROSS 877 336
al’ . MASS FRACTION 0.8638 0.8048 3
al! Y ' PAYLOAD i
S L _l/wb \ ROUND TRIP 1.6/6.0 7.6/.0
I _— ‘ DELIV (0.2g) 130 130
(%) 08
NORMAL GROWTH LO. IJ: otV X o 3
¢ AvuauT:T"L RCS MODULE (4} Sromeo. MAIN ENGINE (D) g
avionics &8 Acsa ers /— (08XN EA) | *
RADIATOR R TANKS 3

1018
Figure 3.4.2-1 OTV Configuration Comparison—LF »/LH, Versus LOy/LH,

single-stage LF,/LH, OTV provides a length reduction of 3.7m (25%) when compared with
a normal growth LOZILHZ. The major reasons for this reduction are less propellant due to
higher specific impulse and higher propellant bulk density. The majority of the subsystem
design approdches for this OTV are the same as for the SB LC)ZILHz OTV defined In
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section 3.3.3.2 (although In some cases the sizing may be a little different). Exceptions
are the maln enging, "FZ tank pressurization system, and pressure levels. Characterlstics
of the main cngine have already been discussed In the preceding scction. The
prossurization system for the LF, tank has been switched to a regulated hellum system
because insufficient data were avallable to characterize an autogenous C:.F2 gystem for an
advanced expander cycle LleLHz engine, The high-pressure hellum supply Is stored In
the LH, tank to minimize storage bottle weight. The pressurant flow Is heated In a heat
exchanger, using thr LH, tank pressurization gas as a heat source, to minimize the hellum
usage. A schematlc of this system is shown in figure 3.4.2-2, The LF, tank operating

GROUND
HELIUM “7 —@—
A LY

P

"4
GH,
Li, TANK HELIUM
LFp TANK
HEAT -

FILL, DRAIN, ——— {g}-— = . |—-FILL DRAIN,
PiLL EXCHANGER ity

ENGINE aH ENGINE

ENOY 2 FEED

@ELECTRIC POWERED €&
VALVE

J:é——PREWRE REGULATOR

ENGINE PRESSURIZATION
TAP.OFF VALVES

Figure 3.4.2-2 LFo/LHg Propulsion System Tank Pressurization

pressure and maximum vent pressure are respectively 165.6 kPa (24 psia) and 186.3 kPa
(27 psia). Comparable pressures for the LO, tank in the L()zll.l-!2 OTV wete 138 kPa (20
psia) and 151.8 kPa (22 psia). The primary reason for the differences is associated with
net positive suction head (NPSH) requirements. NPSH requirements for the LFZ engine
inlet have not been well defined. In RL-10 engine tesis with LF2 propellant, a minimum
NPSH of 55 kPa (8 psi) was required which was approximately the same as required for
operating the engine on LOZ-. Advanced expander cycle LHZILO2 engine studies have
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projected required oxidizer inlet NPSH = 6,9 kPa (1.0 pal). However, due to the lack of
data on LFZ pump development, it was estimated that an FOTV era engine could achleve
an LF, Inlet NPSH = 27.6 kPa (4.0 psl). This NPSH requirement, plus cetimated foed
gystem pressure drop and LFZ tank vapor pressures, resulted in the Indicated pressures.

A summary mass statement for the SB LFZILHZ OTV is presented In table 3.4.2-1.
The mass fraction of 0.8648 reficcts the gross weight of 33 563 Lig and the total maln
impulse load of 29 087 (28 777 kg nominal, 310 kg reserve).

Table 3.4.2-1 Single-Stage SB OTV Summary Welght Statement

ASCENT GEO
TO LEO MISSION
STRUCTURE 1083 1063
THERMAL CONTROL 103 103
AVIONICS 202 292
ELECTRICAL PCWER SYSTEM (EPS) 2% 234
MAIN PROPULSION SYSTEM (MPS) 667 667
ATTITUDE CONTROL SYSTEM (ACS) 122 142
SPACE MAINTENCE PROVISIONS 216 216
WEIGHT GROWTH MARGIN 408 405
(OTV DRY WEIGHT — LESS BALLUTE) (3102) (3102)
RESIDUALS 10 352
AESERVES —— - 30
(OTV DURNOUT WEIGHT) (3112) (3774)
BALLUTE * 200 208
INFLIGHT LOSSES 355
FUEL CELL REACTANT 48
ATTITUDE CONTROL PROPELLANT 312
MAIN IMPULSE PROPELLANT 28,777
(OTV GROSS WEIGHT) (2411) (33,683)
PAYLOAD _— 8041
(OTV + P/L WEIGHT) (N/A) (41,604}
CONTRACTOR FURNISHED ASE } 656
GOVERNMENT FURNISHED ASE
BALLAST ——
(LAUNCH WEIGHT) (4069)
OTV MASS FRACTION 0.8848
* INCLUDES MARGIN

3.0.2.3 Ground-Based OTV

The configuration of the large GB LleLﬂ2 is presented In figure 3.4.2-3 with
overall geometry and physical charactetistics hoted. This OTV Is similar in appearance to
the SB LF,/LH, OTV shown in figure 3.4.2-1 and was also sized by the 32t dellvery
mission. Major differences are slightly larger main propellant tanks, a full dlameter
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Figure 3.4.2-3 Grountd-Based LFz/LH 2 orv

avionics/equipment ring assembly, and stowed nozzles on the main engines. The slightly
larger tanks are necessary to accornmodate an Increase in main propellant mass of 454 kg
(nominal plus reserve). The full diameter avionics/equipment ring assembly is a preferred
configuration for payload accommodation during launch and ascent to LEO and for
avionics/equipment packaging: The retractable nozzles on the main engines are necessary
to maximize payload length capability. The large GB OTV Is nearly identical io the SB
OTV with respect to all other aspects of overall configuration definition (number, types,
and thrust of maln engines; ACS propellant type; structural materlals, methods of
construction, and meteorold/debris protection scheme; thermal control elements; elec-
trical power source; ballute type; basic avionics; etc.). The major exceptlon Is provisions
for space maintenance of selected critical components, of which the large GB OTV has
none.

A summary mass statement for the large GB LFz/LHz OTV Is presented in table
3.4.2-2. The mass fraction of 0.8606 reflects the gross weight of 34 258 kg and a total
maln impulse propellant load of 29 543 kg (29 229 kg nominal, 314 kg reserve), ASE mass
reflects use of a shuttle derivative,
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Table 3.4.2-2 Single-Stage GB OTY Summary Maas Statement (=

, MASS (kg)
“BTRUCTORE 1302
THERMAL CONTROL 164
AVIONICS 22
CLECTRICAL POWER SYSTEM (EPS) 234
MAIN PROPULSION SYSTEM (MPS) 768
ATTITUDE CONTROL SYSTEM (AES) 19
WEIGHT GROWTH MARGIN 438
(OTV DRY WEIGHT--LESS BALLUTS) (3324)
RESIDUALS 368
RESERVES e
IOTV BURNOUT WEIGHT) (4003)
BALLUTE® 304 \
INFLIGHT LOSSES ' 360 ]
PUEL CELL REACTANT 4 ¥
ATTITUDE CONTROL PROPELLANT 26 . ’
MAIN IMPULSE PROPELLANT 29,229 4
(OTV + P/L WEIGHT) (34,268) E
PAYLOAD 8005
(OTV + P/L WEIGHT) (42,263)
CONTHACTOR EURNISHED ASE ,
GOVERNMENT FURNISHED .ASE} = l 2268 ?
BALLAST ,
(LAUNCH WEIGHT) (44,631) \‘4
OTV MASS FRACTION 0.8800 B
*INCLUDES MARGIN [
[T=> MANNED RESUPPLY MISSION = rauncu ey sov o 4
7600 UP/5000 DN :

A small GB LleLHZ- OTV was also considered to enable two of these vehicles to be »
launched at once, thus reducing the number of launches as was done for the small ;
Loz/LHz OTV. Although a configuration was not developed, the key features would be :
the same as for the large GB LF,/LH, OTV with the exception of (1) smaller propellant : ‘
tanks, because the vehicle was sized for a delivery of approximately 8t, and (2) use of a “
: single engine, because the vehicle was not used for manned missions.

: 3.4.2.4 Performance
\ The parametric relationship between burhout mass and propellant capacity, which
was used for performance calculations, is shown In figure 3.4.2-4. Round trip parametric

performance for the SB and GB LF,/LH, OTV's is presented In figure 3.4.2-5, GEO !
dellvery parametric performance for the SB OTV Is presented in tigure 3.4.2-6. Oftloaded

137




ORIGINAL PAGE %f?;‘
OF POOT QUALITY

0 =)
f“/
GROUND BAGED
- . Mgg® 2548 +.0389 (Mp) -
- °
-
o
-
4 |- -
BURNOUT -~ BPACE DASED
MASS

Mgg = 2633 + 0332 (Mp)

(tonnos) _-
g ~o Mg @ BURNOUT
- BO

P Mp = PROPELLANT
3 =1
OI A } e [l [ ] [ i
o U 2 30 3 40 46 60 65
PROPELLANT CAPACITY
Figure 3.4.2-4 LF/LHy FOTV Parametric Mass Relationships
7,
15 | Ve
12.5 P
10 b
PAYLOAD
(tonnes)
7.5}
s b

jﬁ/v ) A i | ] 1 A -
0 25 0 3% 40 45 50 56

PROPELLANT CAPACITY (tonnes)
Figure 3.4.2-5 LFz/LHz OTV Round Trip Perfarmance Parametrics
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-5 Figure 3.4.2-8 Space-Based LFZ/LH 2 OTV Delivery Parametri¢ Performance

performance capability for two-stage SB and GB OTV's is shown in figure 3.4.2-7. Single-
- stage offloaded perfcrmance capability of the SB OTV is shown in figure 3.4.2-8.
The small GB I.F'z/i.H2 was slzed for the delivery of up to 7955 kg with no g
constraint and 6829 kg for a 0.1g constrained delivery. The propéllant loading for these
payload requirements is 20 450 kg.
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3.4.2.5 Launch and Recdvery Operatlons

The Impact of LF‘ZILH2 OTV's on launch.operations appears to be more significant
for the SB OTV because It enables the number of launches to be reduced relative to the
normal growth SB LOZ/LMZ OTV. This occurs primarily because of less total propellant

belg required and the abllity to mass limit propellant launches. As a result, when
compared on a relative basis of dedicated propellant tanker launches, the LFZILH2 sB

OTV reduces the number of SDV launches from 100 to 84 as compared with the normal
growth LOZ/LHZ SB OTV. No benefit in recovery operations appears possible since the
tankers are still too large and toc numerous for return by the shuttle orbiter when used
for SOC resupply.

In the case of the GB LleLH;Z OTV concept using two sizes, benefits octur In terms
of increasing the length and mass marglins on each launch but not In terms of reducing the
number of launches. Stage length reductions result in increasing the length margins to 5m
to 7m out of 24m avallable on each SDV launch of a large GB l.leLlr'lz OTV. Mass
reductions of approximately 3t per large OTV result in launch margins of 10t to 12t out of
60t. Whether the length and mass margins can be used together to reduce launches is the
subject of a more detalled launch manifesting analysis. In terms of recovery operations,
the large GB OTV s still too large to return with a shuttle orbiter which also Includes a
SOC logistics module. The small OTV would be compatible for revurn; however, with 116
small OTV's and only 72 orbiter réturn flights, a mismatch still occurs.

3.0.3 Advanced LO,/LH, OTV's

As an alternative to LF2/LH2 for accelerated technology, consideration was given
to an advanced L02/LH2 system providing a higher Isp than that of the normal growth
engine, Configurations were not developed for the advanced l.'OzlLH2 OTV because of its
similarity to normal growth vehicles, with the exception of slightly smaller propellant
tanks resulting from the higher Isp.

The advanced SB OTV used an Isp of 499 sec and an area ratio of 700, while the
advanced GB OTV had an Isp of 498 sec because of a lower area ratio (626) due to stowing
limitations. Offloaded periormance parametrics for the SB and GB OTV's aré shown In
tables 3.4.3-1 and 3.4.3-2, respectively.

A reduction in number of dedicated propellant tanker launches from 100 to 9% would
occur for the advanced SB l.ozll.H2 OTV relative to the normal growth OTV because of
less propellant. Only a small benefit In length and mass margins would occur for the
advanced GB l.()z,/LH2 oTv.
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Table 3.4.3~1 SB Advanced LO/LH zOTV Performance Equations

Stage size = 3] 160 kg

I.  GEOround trip: Maximum payload = 6500 kg
Wp =2.923 * payload + 12 178 kg

2.  GEO delivery: Maximum payload = 13 730 kg
Wp = 1.399 * payload + 11 964 kg

3. Two-stage GEO delivery: Maximum payload = 31 960 kg
WP = 1,483 * payload + 14 864 kg

Table 3.4.3-2 GB Advanced LO/LH 2 OTV Performance Equations

Stage size \Vp = 31750 kg; W, = 4358 kg

1. GEOround trip: Maximum payload = 6340 kg
\VP = 2,941 * payload + 13 101 kg

2.  GEO delivery: Maximum payload = 13 440 kg
Wp = 1.404 * payload + 18 641 kg

3.  Two-stage GEO delivery:  Maximum payload = 31 880 kg
Wp = 1.490 * payload + 16 012 kg

3.8.8 Cost Comparison with Normal Growth

The life cycle cost comparison of accelerated technology OTV's relative to normal
growth technology OTV's is presented in table 3.4.4-1. It should be noted that these data
are presented for the case of using an SDV with RPS. Should the RPS not be available, the
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— wyonipenorv |- 60 OTV
nnonancoownt | powwas | gecr | e | ol | SN

oV (1076) {2276) {1700) (1880} (1770)
o DUTE o018 1048 608 905 765
¢ PRODUCTION 380 460 368 435 368
¢ OPERATIONS 7m m 640 840 640

80C SYSTEMS (T8D) (v8D) (205 ¢« TBD) | (206 ¢ THD) | (206 + TBD)
TANKER N/A N/A (r30) (730) (130)
SDV/RPS (4840) (4540) (4300) (3860) 4120}
st8 (2060) {a080) {2060) {2060) (2060)
COST TO DATE | ex 8920 8998 8828 8936
REFERENCE +300 REFERENCE -70 - 60

general conclusions regarding the value of accelerated technology versus normal growth
are expected to réemain the same.

In the case of the GB LF2/LH2 system, a $300M LCC penalty exists over a normal
growth LOZ/LH2 concept as a result of the higher OTV DDT&E assoclated with the engine
and the additional production cost because of shorter life (assumed to be 25% less than for
an LOZII.H2 OTV). No difference occurred In the launch cost for the GB OTV because
there was no reduction in the number of launches as indicated earlier and no credit was
given to the mass margins avallable. An advanced GB LO.‘_,ILH2 OTV cost is not shown but
it would have had a new LCC penalty of approximately $80M due to its engine
development.

The SB LF,/HF, OTV concepts show a $70M advantage over normal growth
L02/LH2, primarily as a result of the savings In propellant launches offsetting the
deveopment cost of the engine. The advanced SB L02/LH2 OTV system also shows a
small cost advantage for the same reasons.

A comparison of SB and GB OTV's, both using LFZILHZ. indicates essentlally no
difference in cost as compared with a $375M advantage for GB OTV when both OTV's used
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normal growth l..Qz/LH2 engines. Again, this Is primarily because the SB OTV concept
can take advantage of the higher performunce In the form of fewer propellant tanker
launches.

In summary, the accelerated technology OTV's d6 not provide an LCC which justifies
the additional developmental risk. Consequently, no engine advances beyond normal
growth LOZILHz appear warranted. Flnally, the value of accelerated technology appears
to be more beneficlal to SB OTV's than to GB OTV's.

3.5 VALUE OF NORMAL GROWTH TECHNOLOGY

The previous section indicated the use of accelerated technology chemical OTV's did
not significantly improve the total transportation cost relative to normal growth
technology. As a result, there was an interest in defining the value of the assumed normal
growth technology for the second-generation OTV relative to technology assumed
available for the first-generation LO.L,/LH2 OTV defined in the Phase A studies.

The results of this asseéssment are presented in table 3.5-1. .Several combinations of

Table 3.5-1 LO2/LH2 OTV Value of Normal Growth Technology

¢ FOTV LOW MISSION MODEL (1280 MT OF GEO PAYLOADS)
© COST REFLECTS NET DIFFERENCE IN DDTE, PRODUCTION AND LAUNCH

LAUNCH SYSTEM
TECHNOLOGY FEATURES _STS+SDV__ STSONLY
o NORMAL arowTH > REFERENCE REFERENCE
NEW ENGINE TOTAL COST OF L T O o 271
NEWBALLUTE |3 _ $9 BILLION : :
® WITHOUT NEW BALLUTE +$65M (0.7%) +$160M (1.4%)
(BUY NEW ENGINE)
OR
® WITHOUT NEW ENGINE +$30M (0.3 + %) +§320M (2.8%)
(BUY NEW BALLUTE
OR
® WITHOUT NEW ENGINE +$116M (1.3%) +G576M (5.0%)
OR NEW BALLUTE
(USE RL-1011B & STD BALLUTE)
o ? OR
J & WITHOUT ANY BALLUTE +8250M (2.7%) +8820M (7.1%)
(NEW ENGINE/ALL PROPULSIVE)
LO,/LH, AT 486 SEC, 10 HR LIPE TRANSPIRATION COOLED $=> INCLUDES ALL N.G.
> wopnm, > == SUBSYSTEMS
technology features are examined in conjunctlon with two different launch system

options. The technology features are those judged to have the most leverage, such as the
engine and ballute as applled to the SB l.Oz/L.i-l2 OTV. The results indicate that the
penalty for not using the normal growth technology is not too significant if the STS plus
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SOV Jaunch systems are avallable but becomes more signiflcant if only the STS Is used. In —
“ summary, launch systems significantly influence the value of OTV technology.

Specific results of this assessment are as follows for the STS plus SDV launch
systems,

l.  The cost penalty is less If the new ballute (+$30M) is developed rather than a new
engine (+365M),

2, Without either a new engine or new ballute, the penalty is only 1.3% ($115M).

3.  Using an all-propulsive mode (no aerobraking ballute) but with a new englne, the
cost penalty is less than 3% ($250M). This relatively small penalty for an all-
propulsive mode appears to be in conflict with the Boeing Phase A study results
which indicated a 15% advantage for aerobraking and thelr mission. There are
several factors, however, which explain this result. First, the FOTV data assume
the use of a more cost-effective launch fleet in the form of STS plus SDV rather
than STS plus STS growth used in the Phase A study. Secondly, the Phase A study
mission model required a significant amount of expendable hardware for the all-
propulsive mode due to launch vehicle constraints, whereas the FOTV OTV's were
sized so all units were reusable.

A more significant cost impact occurs when the launch system is confined to the
basic STS only. The key points are as follows:

.  As a point of reference, the use of normal growth technology in the OTV would
result in a 27% ($2.5B) increase in LCC.

2. Without a new engine or new ballute, the increase is 5% (357 5M).

3. With an all-propulsive OTV, the penalty exceeds 7% ($820M).

As a final note, it should be stated that had the launch system been confined to the
STS when evaluating the accelerated technologies, a greater benefit would have been
shown for the more advanced systems. The magnitude of the total transportation cost,
however, would have been greater than that provided by the normal growth OTV's when
using STS plus SDV. The conclusion, therefore, is that procurement of SDV in conjunction |
with normal growth OTV's Is more beneficial than accelerated technology OTV's used with |
the basic STS.
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3.6 FINDINGS

A summary of the principal findings resulting from this comparisen of SA and GB

OTV's Is presented below. These findings are highly related to the assumptions used,
particularly to that of a first-gencration reusable L,(.\ZILHz OTV with acroassist capballity
being the point of departure,

1.

2

4,

3.

6.

8.

There was no clear-cut winner. The cost comparlson Is very dependent on recovery
and reuse considerations, available launch systems, and orbltal support facllity.
Configuration, design features, and petformance are very similar, This was the
result of subjecting the S8 OTV to a thorough total transportation and operations
analysis. The most significant impact on the SB OTV is protection against space
debris and on-orbit maintenance provisions.

Accelerated technology, such as LFZILH2 engines, does not-provide a cost benefit.
The engine does reduce stage length and improve performance, benefitting an SB
OTV More than a GB OTV because the reduced propellant allows fewer tanker
launches as long as on-orbit propellant storage capability is available.

Accelerated technology propeliant storage/transfer has a payoff. Concepts have the
potential to reduce the refueling losses from 12% to 5%, Such systems include
space-qualified refrigerators and liquifiers.

SB OTV's can provide a total transportation cost savings. For an advanced space
scenario employing a low-risk shuttle-derivative launch vehicle, without reusable
payload system, and a manned orbit facility, a savings of 119% was provided.

OTV stage and propellant tanker return needs are key considerations in launch
system selection. This situation is caused by both length availability in the shuttle
orbiter when supporting SOC and the number of orbiter flights compared with OTV
flights or tanker launches.

The launch system employed is the single most dominating factor. Use of a basic
shuttle plus its solid rocket cargo derivative results in a 15% savings over the next
most effectivé system employing a shuttle using liquid rocket boosters and liquid
rocket cargo derivative vehicle.

Mission model size and makeup have the most direct influence on launch vehicle
seleciion. The launch vehicle selection, in tum, will infuence the selected OTV
basing mode,

Space-based OTV impact on SOC appears acceptable. A crew size of three is
required at 40% duty cycle. Hangars are necessaiy for maintenance and debris




protection.  Propellant storage tanks should provide sufficlent capacity for an
emergency OTV flight at any time,

10. A space base would have a valuable role with elther a GB or SB OTV. In the case of
the GB OTV, it could be used for mating payloads and OTV's to enable more
cffective launch manifesting, This same functlon Is provided for the SR OTV in
addition to supporting the maintenance dnd refueling operations.

11, Significant technology efforts are necessary for future OTV's, The most significant
new technology assoclated with the second-generation OTV (GB or SB) is that of
space-debris protection. Refueling technology needs to be addressed for the SB OTV
in addition to demonstrations of on-orbit maintenance. Normal growth in technolo-
gies, such as new L02/LH2 engines and transpiration-cooled ballute, offers perform-
ance, operation, and cost benefits that justify their development.

In summary, SB OTV's appear to offer the lowest total transportation costs for the
least-risk approach regarding recovery and also provide flexibility in launch and flight
operations for the case of normal growth technology. In addition, greater potential exists
for reducing cost when accelerated technology is employed. Finally, development of a
shuttle-derivative cargo launch vehicle provides the most significant means in reducing
transportation cost in the 1995-20106 time frame.

3.7 RECOMMENDATIONS

The recommendations below are based on the assumption that a reusable L02/LH2
OTV with aeroassist capability is in the procurément cycle. In summary, continued
emphasis is recommended on all system elements including launch vehicle, OTV, and
orbital support platform. The specific recommendations are as follows.

1. Continue Investigations conceming the most effective shuttle-derivative launch
vehicle. This is judged to be extremely important since operation of the SDV proved
to be the most dominating cost factor. The work should reflect related performance
and cost data from actual space shuttle flights rather than the preliminary design
data used in the 1977 SDV studies. Consideration should also be given to the fact
that advanced space scenarios may require a fleet of both STS and SDV systems and
may thus impact the cost-per-flight characteristics. Cargo return needs also rnust
be included. Accordingly; special emphasis should be given to Investigating the
feasibility of the reusdble payload system and its related performance amd ¢cost
teatures.
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Consider the system Implications of the followlng:

e

b.

An unmanned platform Instead of SOC for orbital support.  Although support —
for SOC Is increasing, the required time frame Is still somewhat. controversial,
Accordingly, an unmanned platform_that can provide a "parking" location and
housckeeping functions for the SB OTV Is a possible precursor to SOC. Crew
support for malntenance and checkout operations would be provided via shuttle
launches. Assoclated .crew launch cost and/or revisions to the malntenance
provisions onboard the OTV are the key features to be defined.

Launch system confined to basic STS. Although the cost analysis indicated a
substantial benefit when using the SDV, this does not ensure its development.
Consequently, the effects of the mass and envelope constraints assoclated
with the STS need assessing in terms of the impact on launch manifesting and
number of required launches. Theoretically, the SB OTV concept should be
less affected than the GB OTV since propéllant via tankers can be more
effectively manifested than hard cargo such as payloads and/or OTV stages.

Initiate future OTV technology efforts.

a.

b.

C.

d.

Space debris protection studies and demonstrations. The primary emphasis
should be to establish the protection characteristics of materials associated
with reusable cryogenic OTV's rather than extrapolated from data developed
for habitats or expendable OTV's. Of major interest would be composite sheet
and sandwich as well as MLI.

Propellant storage and transfer demonstrations. Cost effectiveness of the SB
OTV is influenced by the additional amount of propellant which must be
launched to ¢over all refueling losses. Further studies regarding the most
effective means of accomplishing this function need to be performed as do
telatively large-scale demonstrations of the top contender prior to committing
to an SB OTV.

Maintenance needs for SB OTV. Consider on-orbit maintenance features
during preliminary design phase of those systems requiring maintenance.
Particular attention should be directed to the main engine, Demonstration of
maintenance crew and time requirements also appears warranted before
committing to an 5B OTV due to its impact on SOC crew size and related users
charge.

Development of key normal growth technologies. Most significant of these is
a new LOZ/I.H2 engine and transpiration-cooled ballute. Although the cost
benefit of these systems over the first-generation systems was not significant
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when used In conjunction with an SPDV, they did pay for themselves and
provided Increased perfermance when necessary. Mareover, shauld anly the
baslc STS be avallable, a savings of aver 3% In total transportatlen cests would
oceur.
4,  Malntain suevelllance of all acrospace products for develepment of OTV-type
subsystems. The most likely areas will Include avionles (laser gyros and data bug),
structurcs (composites), and clectrical power generation systems.
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4.0 ELECTRIC VERSUS CHEMICAL OTV's
This scetlon presenta the complete analysla assoclated with the comparison of
electric versus chemiecal OTV's. The principnl subsections Include misslon analysis, the

definition and comparlsen of OTV'% using nermal growth and aceelerated technology, and
the overall findings and recommendations.

8.1 INTRODUCTION

Consideration of an electric orbit transfer vehicle for LEO to GEO cargo dellvery is
based primarily on Its high specific Impulse (up to 10,000 see) as compared with 485 sec
for an l.oz,/LHz OTV. There are several key disadvantages, however, with the most
notable being (1) relatively long trip times (typically 180 days between LEO and GEO), (2)
solar array damage when passing through the Van Allen radiation belts (typically 40%
power loss), and (3) relatively high costs assoclated with solar arrays and electric
propulsion elements. A favorable comparison of the EOTV with an LOZILHZ oTv,
therefore, depends on how well the disadvantages can be minimized and whether the
savings in recurring costs can offset the expected high production costs.

§.1.1 Scope

The comparison of electric versus chemical OTV's must take into conslderation the
total transportation requirements associated with a given mission model. In most cases
this means high-priority cargo (rapid delivery), manned missions, and general cargo.

Consequently, the comparison actually involves an assessment of the following OTV
fleets:

l.  EOTV's for trip-time insensitive payloads plus chemical OTV's for manned and high-
priority cargo

2. Chemical OTV's for all payloads

4.1.2 Guidelines

The principal guidelines affecting the overall comparison are shown below:

1. Technology to be avallable in 1990

2, Vehicle to have 1OC of 1995

3. Mission model to include projected activity between 1995.2010
4 EOTV to be confined to photovoltaic power supply

3. Chemical OTV to be a space-based LOZILH2 system

i
|
1




6. Launch system to Include the basic STS plua shuttle derivative with reuanble payload
system

7. Figure of merit to be total transpertation aystem life cycle cent ta aceomplish the
milgslon model—

The tcchnology avallabllity and vehicle 10C dates, as well as ralaslen model
duratlon, were discussed In the study guldelines of sectlon 1.3, The mission model for this
comparlson, however, was to be more ambltious than the SB versus GB OTV medel In
order to provide a greater opportunity to utilize the high performance of the EOTV. The
EOTV power supply was confined to photovoltalcs because of (1) the desire to bulld on the
knowledge base established by the solar electric propulsion system, which s assumed to be
the flrst-generation EOTV, (2) another In-progress study (Advanced Propulsion System
Concepts for Orbital Transfer, NASA contract NAS8-33935) was Investigating solar,
thermal, and nuclear electric concepts, and (3) solar photovoltalcs may be the only
clectric system avallable at the time of I0C. An SB l..ozlLlrﬂi2 OTV is assumed, based on
the results of the space versus ground comparison and the feellng that an even more
ambitious mission model would further justify space basing. The laurich systems to be
used are also based on the results of the SB versus GB OTV trade and the projected
effectlveness of these systems for LEO dellvery requirements exceeding those of the
antlcipated electric versus chemical OTV mission model. The transportation cost was to
Include that assoclated with launch vehicles, OTV's, and orbital support.

4.1.3 Emphasis and EOTV lIssues

The major emphasis assoclated with this trade was the definition of EOTV because
the chemical OTV had already been defined in the SB versus GB OTV trade. This
definition was to Include both design and operational features. The key lssues assoclated
with the utility of an EOTV were judged to be the following:

1.  Payload compatibility—How many payloads could accept the long trip times? Should
large payloads be transported as finished systems (meaning LEO constructlon) or as
components (imeaning GEO construction)?

2. Van Allen radlation Impact—This involves the extent of the over-sizing of the EOTV
due to solar array degradation, the design life limits imposed on other EOTV
elements, and penalties imposed on payloads belng transported.

3, Cost sensitivity to trlp time and Isp—Short trip times are desirabie from the
standpoints of fleet sizing and minimizing radlation degradation; however, large
amounts of propulsion power are required. High Isp reduces propellant requirements
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but again requires more propulslop power. The goal then Ia to fi .d the camblnation

of lap and trip time which glvea the least syatem cont,

4.2 MISSION ANALYSIS
This sectlon deserlbes the-background assoclated with.the misslon model used In
comparing the electele and ehemlcal OTV's and the Imposed trangportation requiremonts.

4.2,1 Background

The Initlal misslon medel developed for the electric versus chemleal OTV trade
conglsted of the FOTV low model plus a demonstratlon phase of the solar power satellite
and the space disposal of nuclear waste (SDNW). The resulting payload mass to GEO
(delivery equivalent) during the 16 years was necarly 20 000t as compared with 2500t for
the low model used In the space- versus ground-based OTV comparison. The SPS and
SDNW.payloads contributed nearly equally to the difference between the two models.

The actual comparison of the ¢lectrle and chemical OTV's, however, took place
nearly 6 months later. By this time, several events had occurred which made a
reassessment of the model appropriate. First, both the SPS and SDNW were rather
controversial and completely dominated the model. Selection of an OTV based on such
conditions, therefore, seemed rather risky. Second, In the case of the SPS, in November
1980 the DOE elected not to provide any additional funding, A final curtailment of the
SPS occurred In June 1981 when the Natlonal Academy of Sciencss reported the program
was rot justified. In the case of SDNW, a dedicated study by MSFC/Boelng (Analysis of
Space Systems Study for the Space Disposal of Nuclear Waste, NASA contract
NAS8-33847) was In progrees with one of the OTV optlons being an EOTV.

Consequently, with the above factors, deletion of the SPS and SDNW appeared
justified. Development of a mission model sufficlently large to assess the benefit of more
advanced OTV's concentrated, therefore, on expanding the number of missions In the areas
of communication platforms, DOD payloads, science and observation platforms, and
manned activity.

4.2.2 Mission Model

The resulting mission model is shown in table 4,2,2-1, In general, the model consists
of addltional payloads In the inission categorles described in the SB versus GB OTV model,
as well as new misslons. New misslons Include a very large DOD payload (No. 25), lunar
exploration payloads (Nos. 26, 27), larger science satellites (Nos. 28, 29), and a relatively
small englineering verification test article (EVTA) assoclated with the SPS. The model
also contains an additional manned GEO base (eight-man) to be used for const’uction of
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Table 4.2.2-1 FOTV High Madel (16-Y ear) Missiori-Imposed Transportation Requirements

LARGE DIMEN, £QTV
NO, _NAME oty g (1) g, _PAIOMOta) - EOPRL-

1 COMMUN .PLAT 13 6.8 130 x §0 x 18 V

2 ADV COMMUN PLAT 6 21,8 130 X 60 x 16 V

3 PERS COMM SAT 10 24,5 67 x 130 V

4 SPACE BASED RADAR 3 11.4 190 x 300 | 4

6 DOD CLASS 14 11.4 SOME 603

6 DEEP SPACE RELAY 2 6.8 37 x 67 I 4

] SOLAR TERREST. OBSERV 1 11,0 VvV

10 DOD CLASS 1A 32 2.7 NO

104 pOD CLASS 1B 12 4.0 ' 4

11 DOD CLASS 10 5,5 NO

12 COMMER. & NASA 16 4.5 V

13 GEO BASE MODULES 2 156 20 NO

14 GEO BASE EQUIP 7 9.0 NO

16 SAT, MAINT PROV. 23 2.0 ) 4

18 GEO MAINT, SORTIE 16 5.9/5.9 [i> NO

19 BASE SUPP (CR/RS) 40 5.6/6.0 [ NO

- 46 12.4/10,5 [ NO

. 21 SCIENCE SORTIES 3 8.1/8.1 [i> NO

») 22 UNMANNED SERV, 163 4.8/0.9 > V

i 8 PLANETARY 12 5.0 NO

5 (= 25 DOD CLASS 12 27.3 SOME 162

= (> 26 UNMANNED LUNAR 2 2,0 NO

~ (- 2 MANNED LUNAR SORTIE 4 12/1.5 [ NO

[i=- 28 LG. SCIENCE SAT 2 25.0 100 x 50 yV

> 29 MED. SCIENCE SAT 3 15.0 50 x 25 | 4

> i 30 SPS EVTA 1 42.0 480x 80 x 20 V

; L =477 £ = 4600

(> NEW MISSIONS RELATIVE TO FOTV LOW MODEL (GEQ PELINERY

(=~ UP/DONN

large payloads. Further discussion of the rationale for this base is presented in the next
section. Related to the GEO construction base is the crew rotatlon/resupply mission
involving eight men and constltuting the largest round-trip mission. ;

The model Includes 477 payloads resulting In a total GEO delivery equivalent mass 1
of approximately 4600t (300 t/yr) which is nearly twice the size of the low model.
Approximately 43% of this mass is related to round trip payloads. A comparison of the
low and high models Is presented in tigure 4.2.2-1,
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MODEL MODEL MODEL

¢ MAX DELIVERY PAYLOAD 32 M.T.
¢ MAX ROUND TRIP PAYLOAD 12.4/10.6 M.T,
[* - NOT EVALUATED FOR EOTV COMPATIBILITY

Figure 4.2.2-1 FOTV 16-Year Mission Model Summary

%.2.3 Payload Compatibility With EOTV's

A key Issue associated with EOTV's is their compatibility with payloads (or vice
versa). Those payloads judged to be compatible in terms of relatively long trip times were
indicated in table 4.2.2-1, A total of 284 payloads were identified. In general, those
judged incompatible due to trip times are the manned missions and some DOD missions.
The compatible payloads result in a delivery mass of approximately 1900t or 40% of the
total model mass, which indicates considerable need for a chemical OTV In order to
satisfy the total mission model transportation requireiment,

Another compatibility issue dealt with whethet payloads requiring construction
should be transported as finished systems from LEO or as components with construction
occurring at GEO. A summary of this issue Is presented In figure 4.2.2-2. In the model,
30 to 40 payloads are classified as very large in dimension (100m to 200m in length or
diameter) when fully deployed with the majority of these tequiring on-orbit construction.
Several problems occur when construction of these payloads is done at a LEO SOC and
then transported to GEO using the EOTV. First, the transfer of these payloads from SOC

154

R T N




\

ORIG‘NPL pA e
i CE I8
F POOR QUALITY

@ DIMENSIONS IN METERS

) 9 N
PERGONAL COMMUNLCATION a ACE_I}A&LD; Sana TRUNKLINE COMMUN. PLATFORM

T
L\

\ 30-40PAYLOADS HAVE DIMENSIONS GREATER
’

s THAN 70 M
® PROBLEMS WITH COMPLETED SPACECRAFT,

CONSTRUCTED IN LEO
@ DOCKING OF PAYLOADS
® PHYSICAL ATTACH OF PAYLOADS
@ FLIGHT CONTROL DURING TRANSIT
@ PROBLEMS WITH COMPONENTS CONSTRUCTER (N GEO
¢ ADDITIONAL CREW ROTATION AND RESUPPLY

~ « ASSUME GEQ CONSTRUCTION
Figure 4.2.2-2 EOTV Transportation of Large Payloads as Completed Spacecraft
or Components

to an EOTV, in terms of docking and attachment, present challenging problems due to the
the EOTV stationkeeps near the

aerodynamic and gravity gradient disturbances (note:
jon as well as dimensions would

SOC). Secondly, the wide range in payload configurat
present an orbit transfer configuration that would be difficult in terms of flight control

ptoblems, particularly during the ecarly part of the transfer when gravity gradient

disturbances are the greatest. The recommended approach to overcoming these problems

is to have a construction/final assembly base located at GEO. Although this approach
it does require more crew rotation/resupply transportation.
nalty Involves GEO refueling of the chemical OTV
A brief assessment of this mode indicated it was

solves the indicated problems,
A transportation mode to reduce this pe

with propellant delivered by the EOTV.
not cost effective for this particular mission model. The GEO refueling mode is discussed

further In section 4.4.5.

8.7 NORMAL GROWTH TECHNOLOGY VEHICLES
This section provides the definition of the best possible EOTV using the assumed

normal growth technology, summarizes the space-based LOZ,"LH2 OTV, and compares the
vehicles in terms of total OTV flect considerations.
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#.3.1 Electric OTV Definition
8.3.1.1 BEOTV Concept

To establish the framework for the dofinition of an EOTV, a brief description Is
provided In terms of Its key subsystems and its unique flight operations.

The imajor system elements assoclated with an EOTV and- their relationships are
shown in figure 6.3.1.1.1  The aewar geaeration svsten for this vehicle bacomes a major

THERMAL
CONTROL [

[
|
POWER POWER POWER
GENERATION [~ 1 pISTRIBUTION —L’ PROCESSING. [ THRUSTERS

PROP
LOCATED ON GIMBALLED
I THRUSTER MODULE
OTHER SVSTEMS
© STRUCTURE
¢ AUXILIARY PROPULSION
© AVIONICS

¢ SECONDARY POWER
Figure 4.3.1.1-1 EOTV System Elements

driver both in terms of performance and cost. As discussed in the guidelines, the analysis
was restricted to photovoltaics. Power collection and distribution have a unique challenge
in selecting the optimum voltage. From an lZR standpoint, a high voltage Is advanta-
geous; however, this presents problems in terms of plasma losses while in low Earth orbits
(below 1000 km), Power processing becomes a major factor due to the differences in the
optimum collected voltage and the voltages required by the thrusters. A thermal control
system is required to handle the waste heat associated with power processing. A
monopropellant is used in the auxiliary propulsion system. Other subsystems such as
structure, auxillary propulsion, avionics, and secondary power are also required but
generally do not play a major role in optimizing the EOTV.

The overall operational features of an EOTV performing a LEO-GEO cargo delivery
are shown in figure 4.3.1.1-2. Because of its anticipated size, the EOTV will bé based in
LEO near the SOC rather than attached to it. The transfer consists of a spiral trajectory,
typically involving up to 1000 revolutions for transit times of 180 days. While in the
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\\i\\\\\\\\\ \\\\\\Q\\\\ (©PAYLOAD DELIVERY
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Figure 4.3.1.1-2 Electric Orbit Transfer Vehicle Operational Concept

sunlight, the array retains pointed toward the Sun $o that thrust is continually provided.

Because of the Earth's shadow, however, occultations occur during each orbit until a
relatively high altitude is reached. During occultations, attitude is held but no orbit-
raising propulsion is applied. Return flights to LEO include the same operations; however,
the downtime usually i$ only 25% to 50% of the up time because the payload Is no longer
present but essentially the same amount of power and propulsion is available (except for

that lost from radiation degradation).
The subsystem and operational features are discussed in greater detall in subsequent

sections.

4.3.1.2 Technology Projections
As defined in section 3.3.2, normal growth technology is defined to mean funds are

either being expended or are planned to bring the technical risk down to a reasonable level
for initiation of design, development, test, and evaluation by the 1990 readiness date. The
technology projections for the EOTV are presented In tables 4.3.1.2-1 and -2, along with
the characteristics of the SEPS vehicle which s assumed to be the tirst-generation EOTV-

type system. Further characterization of all EOTV subsystems s presented in section

u|3l‘ O“O
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Table 4.3.1.2-1 EOTV Solar Array Normal Growth Technology Projection

- eebe)  Eom BeEeLT
® SOLAR ARRAY

® CELL -~ EE??:) s'&'f?“ suigou LESS AREA

s126 (cm) 2x4 5 X 5 LOWER ASSY COST

THICK (um) 200 50 LESS DEGRADATION & WT,
@ COVER MAT'L FUSED SILICA  CERIUM DOPED CHEAPER

MICROSHEET

@ SUBSTRATE MAT'L KAPTON MICROSHEET CHEAPER

® BLANKET THICK (MIL) 200-150-50 75-50-50

(COVER-CELL~SUBST)
o BOL POWER (W/MZ) v+ 175 216
® SPEC, MASS (KG/KW) 8.7 2.4

® STRUCTURAL DEPLOYMENT & SUPPORT

® TYPE ® MOTOR DRIVEN MAST @ SPACE FAB., TRI-BEAMS
® TRAMPOLINE SUSPENSION
e SPEC. MASS (KG/KW) 3,1 0.60

[+ ~-DOES NOT INCLUDE ANY LOSSES

Table 4.3.1.2-2 EOTV Electric Propulsion Normal Growth Tectinology Projection

1940 1990
AREA (sEps) EOTY fl.?zg
® THRUSTER
® TYPE 1ON 10N ARC JET
e 1A (cm) 30 50 THD
® PROP MERCURY ARGON HYDROGEN
e 15P {SEC) 3000 510,000 900
o EFF (%) 72 63-82 90
@ SPEC. MASS (KG/Kw) 3 1 0.5-1.0
® POWER PROCESSING
e eFF, (%) 87-90 92 93
® POWER SUPPLIES 12 5 1
PER THRUSTER
® PPU’'S PER THRUSTER i ] 1
o SPEC, MASS (KG/xw) 13 31 1.8
® PPU THERMAL CONTROL :
® RADIATOR TYPE HEAT PIPE ACTIVE ACTIVE g
® SPEC, MASS (KG/KW) 15 8 B 9
1
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Solar_Array~The solar array for the EOTV conaists of the cell, cover, and substrate, The
technology projections for the solar array are presented in table 4,3.1.2-1. Silicon cells
are suggested as the only candidate for normal growth. Although GaAs cells are receiving
considerable emphasis (including funding), a thin cell design desired by an EOTV still
represents considerable challenge. Consequently, the GaAs cell has been placed in the
category of accelerated technology which ls analyzed in section 4.4, Insufficient data,
particularly in terms of radlation sensitivity and cost, prevented consideration of other
advanced cells.

The 16%-cfficient silicon cell Is that which is assumed to be the overall average of
very large production quantities rather than that obtained under laboratory conditions
(which could be 1% to 2% higher). Cell thickness of 50 um should be commonplace and
reduce mass as well as sensitivity to radiation. Improvements are also envisioned in cell
size which benefits assembly cost and in thickness which reduces radiation degradation
and weight. Use of cerium-doped microsheet coverglass eliminates the need for an
ultraviolet filter and also is cheaper. Microsheet can also be used for the substrate which
contributes to a less costly artay. The specific mass of the 1990 array is only 35% that of
the 1980 array due to differences in thickness of the cover-cell-substrate.

Structure (Solar Array Support)—Improvements in the EOTV structure are also presented
in table #.3.1.2-1, Assuming a SOC-type space base is available, consideration can be
given to lightweight space-fabricated composite iribeams. When assembled, the beams
form the framework to support the array through the use of a trampoline suspension
system. The specific mass of the 1990 structural system based on SPS-type design
criteria is only 20% of the 1980 system.

Thrusters—Electric propulsion thrusters in this study have been confined to ioh and arc-jet
systems. The projections for these thrusters are presented in table 4.3.1.2-2. Through
mutual agreement between the study manager and the NASA COR, magnetoplasmady-
namic (MPD) thrusters were not considered since they were receiving special emphasis in
the advanced propulsion concepts study (ref. 14).

The projected lon thruster characteristics are indicative of those resulting from
studies being conducted by Hughes Research Labs (HRL) and XEOS for NASA LeRC.
These studies have basclined a 50-cm-diameter thruster which uses argon propellant. The
diameter may have been limited by available screen grid material width. Argon is
selected to eliminate environmental objections associdted with mercury when used for
LEO-GEO application. The 50-cm thrusters also use multipole containment schemes
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rather than the divergent beam used for the SEPS thruster. This characteristic Improves
beam flatness which results In higher efficiency and high allowable beam current density

at any sclected lifetime.— Performance and design life parameters for the thruster are -

presented as part of the EOTV point deslgn characterization in section 4.3.1.4.

Although no current U.S. funding is belng applied to develop thermal arc jets, a
varlety of concepts were designed and tested in the 1960's, Efficlencles as low as 0.3
were commen and, consequently, research was halted. The work, however, did confirm
analytlcal design procedures.for arc heating and nonequllibrium expansion. More recently,
Dr. Rolf Buhler of the University of Stuttgart has been Investigating hydrogen ar¢ iéts and
has developed an.idea to Improve the performance of this thruster. The concept consists
of adding a mixing chamber downstream of the arc chamber to homogenize the propellant
which Is subsequently expanded in a conventional nozzle. In small sizes, the resulting
total temperature will be limited by allowable structural temperatures and/or chemical
teaction rates with the hydrogen. Based on chamber temperatures of 4'500°R, an Isp of
900 sec is postulated.

Power Processing Unit (PPU)—Improvéments in the area of PPU's are also shown in table
4.3.1:2-2. The ion jet PPU improvement in specific mass (3.1 versus 13) is primarily the
result of reducing the number of power supplies by combining functions. Efficiencies as
high as 92% can be expected.

Arc-jet PPU's are expected to have slightly higher efficiency and lower specific
mass than the ion thruster PPU because the arc jet requires only a single voltage,
typically as low as 100V.

PPU Thermal Control-Use of an active (pu.nped-fluid) radiator rather than heat pipe
radiator is expected to reduce the specific mass of this system to 8 kg/kW from 15 kg/kW.

8.3.1.3 Sizing Considerations

The sizing of an EOTV which uses photovoltalcs and low-g transter must take into
account several considerations which are unique as compared with a typical chemical
OTV. These include variable trip time and Isp, flight (trajectory) parameters, array
radlation degradation, array sizing philosophy in terms of beginning versus end of life,
payload size, and design life. A diseussion of each of these factors follows.
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—As discussed carlier, both trip time .and specific Impulse
wer reguired which strongly Influences the gystem coft,
ich glves the least cost {s discussed in detall In

Telp Time and Specific Impulse
directly atfect the amount of po
The combination of trip time and 1sp wh

section 4.3.1.3.

s--Flight parameters which influence EOTV sizing include the transfer

Flight Parameter
delta-V, flight profile, and flight control.
Delta-V: The most significant factor affecting the orbit. transfer delta-V require-

ments for an EOTV is the g losses when operating typically at 10'3 to lO'u mISecz. This
factor, In conjunction with the plane change from 28.5 to 0-deg Inclination, results in an
ideal delta-V of 5750 m/sec as compared with 4300 m/sec for a 0.2g chemical oTV.
Losses assoclated with gravity gradient effects (2%) and flight performance reserves (2%)
result in a one-way delta-V of approximately 6000 m/sec.

Flight Profile: Flight profile characteristics in terms of the relationships between

orbit plane, altitude, and elapsed time for a typical orbit transfer are shown in figure
330,30, & spuficani part Twtoan we .er trom these data .S that with a low-g

30
© 180 DAY TRANSFER
21 © 500 KM TO 35786 KM
o INITIAL INCL 28 1/2°
© FINAL INCL O°
@ IDEAL AV 6750 M/SEC
10
0 Aj \J ¥ b J
) 10 20 oa:o 40
ALTITUDE, 1 .
T 2 KM 3 ‘OJ
(-1
m\
z ORB(T PLANE
&30
o
2
Q
g 204
g ORBIT ALTITUDE
2 10
w
=]
=
[ 2 0 .
2% 0.2 0.4 0.6 0.8 1.0

ELAPSED TIME, FRACTION OF TOTAL
Figure 4.3.1.3-1 Low-Thrust Orbit Trdnsfer Characteristics
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transfer, 60% of the time Is spent below 10 000 km, which Includes the most damaging
regions 6f the Van Allen radiatien belts,

The relatively slow rate of increasing altitude also mecans a large number of
revolutions are Involved. Each of the revelutions contains an occultation or shadow perlod
when the vehicle passes on the backside of-the Earth and out of sunlight. The number of
occultatlons that can be expected as a function of transfer time Is presented In figurce
4.3.1.3-2, The band indicated lllustrates the range in number of occultations depending on

OCCULYATIONS OCCULTATION DURATION

o ANYTIME DEPARTURE
3ol ® TCHEMMODULATED o INITJAL ACCELERATION 4 X 10 W/SEG (4 X 109
o GUN90° FROM SOLGTICE AT DEPARTURE

o DEPARTURE FROM 30°, 60O KM (270 N MI) ORBIT

0 40 80 120 160 200 240 100 :
ORBIT TRANSFER TRIP TIME DAYS TIME FROM DEPARTURE, DAYS

Figure 4.3.1.3-2 Orbit Transfer Occultations

whether the transfer is initiated at the best or worst time of the year relative to the orbit
and Sun position. Therefore, for typical transfer times of 180 days, as many as 1000
occultations can be expected. The impact of this factor is that it identifies the number of
starts and stops which must be experienced by the system as well as providing an input to
the fraction of time a vehiclé is occulted and cannot generate power for propulsion
purposes. The fraction of time as a function of time from departure is also shown in
figure 4.3.1.3-2. The decrease with time is the result of the orbit getting larger and the
shadow zone staying constant. The average for the complete orbit transfer with
departure at solstice is approximately 16%; with equinox departures, approximately 10%.
The yearly average due to occultation is, therefore, judged to be approximately 13%. An
additional nonthrusting time Increment relates to each startup of the sys*em. In this
case, there is a brief period to stabilize the high voltage of the array immediately after
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breaking eut into the sunlight as well as the small increment of time to start the
thrusters. A nonthrusting time of 2% lo assumed for startup. Therefore, the total
nonthrusting time-perlod for a transfer ls 19%. The lmpact of this Is that a higher
acceleration level ls required for a glven transfer time.

Flight Controlt The flight contrel task assoclated with the tranafer of an EOTY
from LEO to GEO Invelves directing the thrust vector In a manner to change the plane of
the orbit and ralse the altitude while malitalning the attitude of the satellite so that
electric power can be generated for the thrusters. Durlng the transfer; the solar arrays
are always directed toward the Sun as shown In figure ¢.3.1.3-3 to eliminate Incldent

([ -—— T
o".. S EOTV
o’ ‘.‘s Y4
&b =5
A YA
Les e SUN
' )
.= ,ﬁ Y

oo’
Figure 4.3.1.3-8 Flight Control Ortentation

angle losses. This attitude, however, results In a disturbance in the form of gravity
gradient torque. A simplified illustration of the torque characteristics Is shown in figure
4.3.1.3-4. The largest disturbance will occur when the vehicle Is nearest the Earth
(diminishes with the cube of the radius from the Earth's center) and with lts principal axis
of inertia at 45 deg to nadir.

The impact of the flight control consideration Is to conflgure the EOTYV in a manner
that maximizes the moment of Inertia differences between axes and to Install the
thrusters to best counter the torque and provide climbout thrust.

Solar Array Radiation Degradation~Perhaps the most dominating factor in the sizing of a
photovoltaic EOTV Is that of the power degradation of the array as a result of radiation
exposure. The following paragraphs discuss the environment and degradation prediction.
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Figure 4.3.1.3-4 Gravity Gradient Torques

Environment: Duting transfer from LEO to GEO, the EOTV will be exposed to the
most Intense regions of the Earth's trapped radiation belts. The trapped protons are
described by flux map AP-8 (ref. 10) while the trapped electrons are described by AE-6
and AE-4 (ref. 11 and 12). The actual environment experienced by the EOTV varles with
each orbit. The total fluence Is determined by integration of the flux maps and the
vehicle flight profile. The flux of protons and electrons as a function of altitude and
inclination is shown In figure 4.3.1.3-5 taken from reference 13, The maximum flux and
peak degradation occurs at approximately 6000 km. Although there are a greater number
of electrons, protons actually are the dominating factor in cell damage since they have a
much higher displacement damage cross section In silicon. The energy spectra of the
protons and electrons encountered in a typical transfer are shown in figure 4.3.1.3-6.

The actual environment experienced by the solar cell Is reduced by the shielding
provided by the coverglass and substrate. The effect of several shielding densities is
shown in figure 4.3.1.3-7 also taken from reference 13. These data indicate for shielding
as heavy as 0.07 gm/c:m2 (12 mils), the penetrating protons will have a peak flux at
energles less than 2 MeV. Particles of these energies are very damaging to the cell
bécause they stop shortly after entering and produce heavy locallzed damage near the end
of their tracks.

Degradation Prediction: The prediction of th2 solar cell degradation involved two
basic steps. First, cell performance as a function of 1-MeV electron fluence was
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Figure 4.3.1.3-7 Modified Spectrum Inside Cell

established by surveying the literature and consulting cell manufacturers. The second
step required converting the expected fluence of protons and electrons penetrating &
given shield into 1-MeV electron equivalence.

Cell performance data were obtained from a study (ref. 14) being conducted by
Boeing for the Alr Force concerning radiation-hardened solar cells. The best performing
planar silicon cell was one produced by Spectrolab, called HESP II, with the following
characteristics: 50-um (2 mil) thick, n/p, BSR, 16%. A 50-um cell developed by Solarex
offered slightly higher performance at the maximum test fluence of 10l6 (1-MeV
equivalence) but not as good at extrapolations beyond 5 X 1016,

The conversion of the protons and electrons recelved by a cell to 1-M:V equivalence
assuimed ho combined effects as discussed in reference 15. When using a 75-50-50 um
(3-2-2 mil) blanket, one round trip involving 180 days up and 45 days down results In a cell
dose of 1.07 X 1017 (1-MeV equivalence).

The resulting performance of the 75-30-F0 pm solar array when used for power
generation between LEO and GEO Is shown In figure 4.3.1.3-8. Several key observations
should be noted. First, the fluence of one round trip Is nearly 1000 times more severe
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Pigure 4.3.1.3-8 EOTV Design Driver—Van Allen Radiation Impact

than the largest recorded solar flare and 500 times larger than the design environment for
satellites operating 10 years at GEO. In terms of performance, the round trip results ina
final power output only 42% of the initial output, or a degradation of 538% for the first
trip. Should 10 round trips be flown; the output is only 22% of the initial, indicating a
78% degradation. The impact of the degradation can be that of oversizing in order to
have a fixed amount of power avallable for the fast trip. This is discussed further in this
section under thé heading of "Array Sizing Philosophy." The radiation sensitivity of a
GaAs cell is also presented in figure %.3.1.3-8. Further discussion of this cell I found in
section 4.4.1.1.

The impact of the radiation degradation for the reference cell with no annealing can
be altered by different trip times and shielding thickness as indicated In the left-hand plot
of figure #.3.1.3-9. Reducing the trip time reduces the degradation but it also requires
more propulsion power. Increasing the shielding significantly improves the power ratio;
however, it also means more dry mass requiring more propulsion power. Less degradatiun
would also occur if the EOTV tlight was essentlally begun at a higher altitude in a manner
similar to the proposed SEPS mission profile. For example, as indicated In the tight-hand
plot of figure 4.3.1.3-9, if operation Is initlated at 10,000 km, 90% of the fluence has been
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Figure 4.3.1.3-9 Radiation Degradation Sensitivity
bypassed, meaning a round trip would have a fluence of approximately 1016 (1 MeV) and a
P/Po of 60%. The significance of the above variations is discussed in section 4.3.1.4.

Déslgn Life-Design life is defined as the number of flights that can be made by a given
EOTV. More flights, of course; means fewer units and this becomes a major factor when
the units are expensive.

The principal concern regarding design life is the impact of radiation. Once again
the component of major concemn Is that of the solar arrays. A comparison of power
output versus number of round trips Is shown in figure 4.3.1.3-10, These data indicate
that by the time the 10th flight has occurred (for the 75-50-50 um array), the rate of
P/Po reduction is not too significant and additional flights could be performed without
excess've penalty. A design life of 10 flights, however, although not long by reusable
chemical OTV standards, does result in a significant amount of time in total operation.
This occurs as a result of each trip (typically) requiring a total operating time of 225
days—thus, for 10 flights, a total of over 6 years. GEO communication satellites are
currently being designed for 7-10 years of life; however, once again, the environment at
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Figure 4.3.1.3-10 Power Output Sensitivity to Number of Trips

GEO is not nearly as severe as that associated with LEO-GEO transfer. Another factor to
be considered is that at the 10-flight point, the power output of the 25-50-50 um array is
approximately 20% of the initial output which means an oversizing of the array of
approximatety five times. In addition to the power decay, there Is also a decay in the
voltage produced. Data developed during the SPS studies indicated that, at the indicated
degradation levels and with continued operation at the maximum power point, the voltage
would be reduced 25% of the power reduction. Therefore, if the power was reduced by
80%, the voltage would be reduced by 20%. The impact of this situation could be a more
complex power processing system to handle the variations in voltage. Other concerns
assoclated with multiuses of a solar array in this application are the cell-to-cell mismatch
and the number of thermal cycles. Cell-to-cell mismatch can occur because each cell will
be affected slightly differently in terins of radiation, thereby resulting in further
degradation of the overall power output. Thermal cycles become a consideration as a
result of the occultations which occur during the orbit transfer. In this case, one typical
EOTV transfer has more occultations (thermal cycles) than a GEO satellite experiences in
15 years.

Other components potentially affected by radiation Include structure and solid-state
electronics. Composite-type structure is suggested for the EOTV, There is indication,
however, that this material exhibits outgassing characteristics when exposed to radiation
doses on the order of 10? rads. One round trip of the EOTV is expected to give a dose
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level of this magnitude at a depth of 0.0025 mm.-The resulting outgassing could consist of
contaminants which would affect the performance of the solar array. Solid-state
electronics generally can accept radlation doses as high as 10* rads. Typlcal structural
enclosures provide 0,23 to 0.375 cm of aluminum which would result In a recelved dose of
10“ rads on the electronics. Ten flights would mean 10° rads and the need for radlation-
hardened electronics or conslderably more shielding (although, in some applications, this

presents physical integration problems).

Array Sizing Philosophy: BOL Versus EOL—Two extremes can be . sidered in the sizing
philosophy for the solar array: (1) design for beginning of life (BOL) or first flight and (2)

design for end of life (EOL) or last trip (ass yed to be 10 trips). The EOL approach has
been selected since it appears to require about the same amount of solar array and
provides better operational features, particularly trip time per flight. The overall
features of the two approaches are shown in figure 4.3.1.3-11 and described in the
following paragraphs.

© BEGINNING OF LIFE(BOL) @ END OF LIFE (EOL)
(FIRST FLIGHT) (10" FLIGHT)
@ ALL FLIGHTS 180 DAYS

1.0 @ FIRST FLT 180 DAYS 1.0
o8] 0.8
Pava
o 08 08
Y 04 $IZING PT = 0.22
02} 02y : ;
% 4 6
FLIGHT NO.
600
400 EOL SELECIED
DELIVERY ¢ LARGER VENICLE
b TME 300 ® FEWER VEHICLE REQD
(DAYS @ APPROX SAME ARRAY AREA
[ 200 EOL ® FEWER THRUSTERS & PPU'S
- — e —— © BETTER USER APPEAL
= s00k- AEGARDING DELIVERY TIME
=
o Y N T T O T T T Y B e
‘ 0 2 4 ] 8 10

“‘41»5;‘5?' FLIGHT NO.
RS ¥ v - PROPORTIONAL TO PARG

Figure 4.3.1.3-11 BOL Versus EOL Vehicle Solar Array Sizing

When designing for the first flight, the average power available is approximately
55% of the initial, meaning the array must be oversized by nearly a factor of 2. Designing
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for the 10th flight or EOL by definition Incorporates the total expected degradation and
consequently shows an average power of only 22% of the Initial power. This means the
array must be oversized by nearly a factor of 5. The BOL-option, therefore, provides a
smaller vehicle. Trip times for the BOL option get longer, however, due to the P/Pc¢
decreasing with each trip. For comparison purposes, the.BOL option on the 10th flight
requires approximately 760 days for a round trip (600 up/160 down) as comparéd with 225
days (180 up/45 down) for the EOL design option. The longer trip times mean more
vehicles (12 versus 4) are :equired to fly the assumed six flights per year. Consequently,
the total solar array requirements are about the samie when considering the size and
numbers of vehicles.

The long trip times of the BOL option would also be a major impact on the payload
owner. At this point in time it is difficult to imagine many reve: -ue-producing payload
owners who would be content with 1- to 1-1/2-year delivery times. It should also be
mentioned that the actual trip times would be longer because the radiation dose recelved
was assumed to be that related to 180 days up ahd 45 days down. In reality, however,
each- trip gets longer because more radiation is received which means even more
degradation per flight and, consequently, slower trips.

A final disadvantage of the BOL option is that more electric propulsion hardware-is
required because thrusters and PPU's are matched to the initial power available but,
unfortunately, are of no significant henefit as the array degrades and less power is
avallable for propulsion.

Payload Size—An EOTV sized for one payload versus another generally does not show any
appreciable difference in effectiveness. If sized for onhe payload and then the same
vehicle is used to transport a different size (mass) payload, a variation will occur in trip
time since EOTV's are power-limited devices. Key corsiderations in selecting an EOTV
relative to payload size are: (1) a size that minimizes the number of payload; taken up
on a given flight (dedicated flights are optimum but not practical), (2) a size that
minimizes the number of flights required to get the components of the largest construct-
ible payloads to orbit, (3) a physical size that does not dictate the size or design of the
construction base, and (4) a size that offers reasonable compatibility in launch vehicle
manifesting so payloads do not have to wait at LEO for long time periods before being
transferred to GEO. After reviewing the mission model and preliminary vehicle sizing
data, a payload mass of 25t was judged to adeqately satisfy the above considerations.
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4.3.1.4 System Design Options and Characterjzation . .

The EOTV options considered for-analysis are generally related to concepts which
would reduce solar array degradation and/or the amount of power required. This
motivation was prompted by the desire to minimlize the array oversizing and the.
recognition that the solar array will most likely be the most costly component in the
vehicle.

A listing of the options and their basic features is presented in table 4.3.1.4-1, A

Table 4.3.1.4-1 EOTV Normal Growth Design Options

: > ; t, i -
CE S N SN ONP NS L P i

NI

=

® POINT DESIGN ~ - - KEY PARAMETERS

©® BLANKET THICKNESS (MILS) ~ - - 3-22
(COVER - CELL - SUBSTRATE)

¢ TRANSFER MODE - - - SELF POWER
® CONCENTRATION RATIO (CR) --- 1
® THRUSTER - - - ION

I

@ OPTIONS
1. INCREASE CELL SHIELDING [©> OTHER PARAMETERS SAME
 UP TO 12 MILS (12:2-10) AS POINT DESIGN
2. CHEMICAL ASSIST TRANSFER MODE -
® DELIVERY AND RETURN
© DELIVERY ONLY REFLECTOR

3. MORE POWER OUTPUT PER UNIT AREA [T>
¢ CONCENTRATION RATIO = 2

4. LOWER ISP (LESS POWER) [ CELLS
® ARCJETS
® KEY DESIGN REQUIREMENTS

@ PAYLOAD = 26 MT UP/O DOWN
@ 10 FLIGHT DESIGN LIFE

point design was developed to serve as a point of comparison as well as to establish the
basic characteristics of EOTV-type subsystems. Option | was to determine if the reduced
degradation brought about by heavy shielding would offset the additional mass. The
chemical assist transfer mode of Option 2 involves a chemical OTV transporting the EOTV
rapldly to/from some altitude which would be above all or a major portion of the radiation
belts. Option 3 Involved a concentrated array which would reduce the amount of array
required. Option 4 was an approach that employed an arc jet which operated at a lower
Isp than ion thrustery and, thus, required less power and less array. -

Thé remainder of this section consists of a more dotailed description of each of 'J
m \ these options. Again. the point design vehicle was used to establish the specific mass ‘ ’
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characteristics of all subsystems: The other system design options are discussed only in
terms of the differences to the point design. Sizing and optimization of each concept are
presented In section #,3.1.5; they are compared in 4.3,1.6.

Point Design - As mentioned earller, a point design EOTV was defined to serve as a means-
to establish overall subsystem characteristics. The. key guidelines used to éstablish the
point desigr: were a specific impulse of 6000 sec, up-~trip time of 180 days, and a payload
capability of 25t up/0t down. Furthermore, the array was to be planar (CR = 1) with a
75-um cover, 50-um cell, and 50-um substrate. The system was also to provide all its
own propulsion (self-power) and utilize ion thrusters.

Configuration: The configuration and key characteristics of the point design EOTV
are shown in figure 4.3.1.4-1. For the indicated design conditions, an array of over

[ m" I
4k - | 16 p—— 187 + |
78 ——— | ) ’
1] AL
) “AUX PAOPUL 8YS \
THRUSTER MODULE (2) 12 M TRIBEAMS SOLAR ARRAY (75-50-50)

ARGON TANKS PAYLOAD
Y BRAQ!NG WIRE

NS e M~ L :
o e <AL P i / ADIATOR

e
\,/

@ PAYLOAD UP = 26 MT ® INITIAL POWER = B820KW
@ PAVLOAD DOWN = 0 ® MAX THRUST(EOL)= 20N
® SPEC:FIC IMPULSE = 6000 SEC ® FIXED MASS . 3IMT
® UP TRIP - 180 € ARGON MASS - 10MT
0 DOWN TRiIP -8 © ARRAY AREA » 30000M2
® NOOF THRUSTERS © 84
{60 CM)

Figure 4.3.1,4-1 EOTV Point Design Configuration
30 000 m2 is required. The total vehicle dry weight Is 33t, of which 10t is main propellant.
The main propulsion modules are mountéd on the centerline of the vehicle at each end.
Through means of a yoke and gimbal system, the modules can be properly directed and
operate whenever the vehicle is generating power. The modules contain thrusters as well
as power processing units. Payload and propellant are located at the center of the vehicle
to provide the most optimum moment-of-inertia characteristics. The solar array is
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designed so one-half I dedicated to each maln thruster module. Auxillary propulsion
modules are located at the vehicle center on the lateral axis to provide roll control. The
structural framework is made up of space-fabricated tribeams. Fabrication and assembly
of the beams, as well as installation of all subsystems, take place at a space base such as
SOC. During the orbit transfer, the longitudinal axis of the vehicle Is generally aligned
with the north-south axis of the Earth.

Structuret Structural analysis of the EOTV relled heavily on similar work performed
in the SPS studies. The key criterion in designing the-beams within the truss was to
sustain the bending moment induced by the uniaxial (lateral direction) edge loading of the
array on the longitudinal beams and the column loading on the lateral beams. A minimum
solar array edge loading of 2 N/m was assumed t~ provide the necessary array smoothness
for maximum power output.

A number of truss cross sections are possible for the EOTV. Four cardidates
investigated are shown in figure 4.3.1.4-2. The V-bottom concept was selécted primarily

2 -CELL BOX 1 -CELL BOX V-BOTTOM BRACED-T

Figure 4.3.1.4-2 Truss Cross-Section Concepts

because of having less total beam length but also due to the considerations of construction
ease, cross-section stability, and bending stiffness effectiveness. The braced-T truss;
however, is also a viable option. A baseline length-to-depth ratlo of 8% was selected for
the V-bottom and, when analyzed for dynamics, was found to provide satisfactory
separation between the natural frequency of the array and vehicle. In addition, the total
truss welght was relatively insensitive to this ratlo.

The basic member In the truss is a composite tribeam similar to that shown in
figure 4.3.1.4-3, This type of beam has been analyzed In the Genera! Dynamics/Convalr
Division Space Construction Automated Fabrication Experiment Definition Study
(SCAFEDS) (NASA contract NAS9-15310), Wher used in an EOTV applicatlon, however, it
was necessary to use rigid dlagonal cord cross bracing due to thé nature and magnitude of
the imposed loads. The mass of the beam . upproximately 1.0 kg/m. Fabrication of the
beam is accomplished by an automated beam machine at the LEO construction base.

The resulting EOTV configuration had a natural frequency ratlo (~rray-to-vehicle) of
20 to 25 at the 2 N/m edge loading.
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Figure 4.3.1.4-3 Beam Geometry

The trampoline method of supporting the solar blanket within the primary structural
bay is shown in figure #4.3.1.4-4. It provides a uniform tension to the end of each solar

\s <

Fiqure 4.3.1.4-4 Array Support System
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array segment.by the use of constant-force blanket-tensioning springs at cach blanket
support tape. These springs are also attached to a catenary cable that Is then attached to
the primary structure. This method of support ls lightweight as well as being most
adaptable to the length changes in the structure due to temperature varlations occuring as
a result of occultations.

Solar Array: The-solar array converts the incldent sunlight into electrical power at
the required voltage and supplies the power to the distribution system. The configuration

of the solar array blanket ls shown in. figure 4.3.1.4-5, The definition of the array was
performed in the SPS sty4dies fref 2V

GROOVES REFRACT LIGHT AROUND
GRID FINGERS

\\\ ’ \\\ e B e e e S e fm i o et I Tl o o o
MODULE-TO V== *‘_-wi'\‘\\\‘ WL/ ///////////////I/[//_/I([/:{/[; NLLLL 11111144147,
ggaatgdgzﬂ' W, BRI A ey e R R

CELL-TO-CELL
INTERCONMECTOR

GLASS COVERING ON BACK OF CELLS, 50 ym THICK,
ELECTROSTATICALLY..BONDED

SILICON SOLAR CELL, 5 CM BY 5 CM,50 um THICK, TEXTURED TO
PRODUCE OBLIQUE LIGHT=PATH, 2f)-CM FOR HIGH EFFICIENCY,
N AND P CONNECTIONS ON BACK

CELL COVER OF 7wm BOROSILICATE GLASS, ELECTROSTATICALLY BONDED IN HIGH-VOI.UME
EQUIPMENT, CERIUM DOPED TO GIVE ULTRAVIOLET STABILITY

INTERCONNECTORS? 12,5 um COPPER,WITH IN-PLANE STRESS RELIEF,WELDED TO CELL CONTACLTS
Figure 4.3.1.4-5 Solar Array Blanket

The basic energy conversion device is a 30-um-thick, 5- by 5-cm silicon c2ll, with a
textured surface-to reduce reflectance and a BOL efficlency of 16%. Thic results in a
voltage of 0.6V and a current of a 0.9A at the maximum power point. The cover glass Is
75-um-thick cerlum-doped borosilicate glass which is electrostatically bonded to the
solar cell. The substrate is 50- um-thick glass which s electrostatically bonded to the
back of the cell. The ceil Is designed with both p and n junctions brought to the back of
the cell. The Interconnects are 12.3-um-thick silver-plated copper. Complete panels are
assembled by welding together the module-to-module interconnections. Detail mass
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¢stimates of this array indicated 0.426 kg/mz. The power output of the array (without
radiation degradation) was 179 W/mz. as shown In table 4.3.1.4-2, AS Indicated pre-

Table 4.9.1.4-2 Silicon Array Output

SOLAR INPUT = 1363 WATTS/M2
CELL CONVERSION (0.10) » 2166
AMO 28°
TEXTURED CELL
BLANKET FACTORS (.83) - 201.3
UV LOSSES
CELL-CELL MISMATCH
INTERCONNECT LOSS
APHELION INTENSITY (.8878) - 1848
THERMAL DEGRADATION (.018) - 178.8
ORIENTATION LOSS = 178.8

(NONE, FLY PEP)

RADIATION DEGRADATION = 1788
(INCLUDE AS PART OF ORBIT
TRANSFER GPTIMIZATION)

viously, however, Van Allen radiation reduces the power output after one round trip to
42% of the initial power. The power decay curve as a function of altitude for the point
design is shown in figure 4.3.1.4-6. The majority of all the degradation occurs by the time
10 000 km is reached; however, this also constitutes 60% of the total triptime for the up
leg.

Selection of the optimum operating voltage for the solar array is complicated due to
several competing factors as well as other considerations. The competing factors are that
minimum 2R losses occur with high voltage but plasma losses, particularly at low
altitudes, are minimum with low voltage. Other considerations in the voltage selection
{ssue are the decreasing voltage as a flight proceeds, due to array radiation degradation,
and the optimum thruster Isp being 6000 sec, which requires a voltage of 850. The
relationship of the competing factors as a function of voltage and array size, power
specific mnass, and percentage of plasma Joss is shown In figure 4,3.1.4-7. At altitudes as
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Figu'e 4.3.1.4-7 Power System Sensitivity to Operating Voltage
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low as 900 km (atarting altitude 15 370 km), plasma losses amount to 30% at 1300V, which
is the pelnt where the array area ond speciflc mass are minimized. Once the ROTV
reaches altitudes beyend 1000 km (which takes approximately 8% ef the up-trip time), the
plasma losses are reduced conslderably even at higher voltages, The arrdy area Is larger
at low voltages because of the required higher current. The additional array arca, as wcll
as heavler eonductors (buses) for the higher currents, result In speclfle masses at the low
voltage. It should also be noted that the area and specific mass do not, however, reflect
the plasma losses. The reasoy for this Is because up untll the 4th or th flight, excess
power is available because the array has been sized for EOL rather than BOL (refor back
to fig, 4.3.1.3-11). In addition, the amount of time in a given flight which is affected by
large plasma losses ls relatively small. The lssue, therefore, becomes one of possible
impact in terms of trip time with less avallable power due to plasma losses as a function
of voltage. This relationship is shown in tigure 4.3.1.4-8, A trip-time penalty exists at

® PHOTOVOLYAIC ARRAY
M 766050 Um
© 100 DAY TRIP TIME
wr TRIP TIME MASS PENALTY o Pgep = 1,238 KW
ok @ REF VOLT = 1000
2  «wp
a
g2 W
8§ b
B
: o«
3
> _ TRIP TIME PLASMA
g 2 POWER LOSS.PENALTY «
a W
E o [y N 'y $
1,000 1,500 2,000
1F ARRAY OPERATING VOLTAGE
.2 .
SELECTED VOLTAGE : 1600
a3k BEST TRIP TIME CHARACTER:STICS
Ak

Figure 4.3.1:4-8 Operating Voltage Setection

low voltages because the vehicle is heavier and trip time is directly proportional to
startbutn mass for a fixed electric propulsion system. The optimum operating voltage Is
that which results in the minimum trip time. This point is found when the trip times from
the mass penalty and plasma loss cancel each other. These data indicate an operational

sitage of 1500V to be most desirable which was subsequently used in the design of the
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power distribution system and power processing systenmnt.
Power Diatribution Systems The selected power distribution system design for the
polnt design EOTV Is shown In figure 4.3.1.4-9. The power aystem design uses multiple

POWOR GENERATION § = Y10A (TYP) PFOWER PROCESSING

O R ey

ST e e il

L N O N W =,I.,u.. o = h—f - Lske: t L ¢ ’) e A
PPy 1)1)51’1’ OO0y eeee P
L .

SOLAR ARRAY ;}

%vemcte SHOWN )

I
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T s a3

[ 'L”f T ! Tl |-

Ao P s v P AU B

PR

T rcnow &
[
| .

» e JE

VOTAL POWER ;

[~ SWITCHGEAR | « 22A. NOMINAL (TYP 26 PLACES) DELIVERED TO "-'
(i~ SWITCHOEAR | = 10A. NOMINAL, PPU 18 KW THRUSTER PANEL !
(TYPICAL 11 PLACES PER PPU GROUP) li?ﬁg‘\l.a{TgT i

Figure 4.3.1.4-9 Power System for Eleéciric OTV

maln power conductors (five pairs) to limit potential main bus currerit during any system

fault. As the distance from the thruster pan:l to the array in<reases, the conductor

voltage drop increases. Thus, if a group of PPU/thrusters were powered solely from a

section of array farthest from the group, the power dellvered to that PPUi/thruster group

would be less than if it were powered from a section nearer the PPU/thruster panel. The

multiple connections to the malh power buses from the solar array enable each main bus

to deliver approximately the same power to each PPL/thruster group. ;
The conductors selected for the maln buses are thin aluminum sheets. Sheet ?

conductors mavimize the ratio of the surface area (for heat rejection) to conductor area

(for current conduction). Aluminum was selected as the conductor materlal since the

product of resistivity and density Is less than that for other candidate materials (copper,

silver, etc.). The conductor operating tempetrature was selected at 25°C. ‘ ,
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lon Thrusters Design studles for 50-cm-dlameter argon lon thrusters are currently
In progress under contracts belng adminlstered by NASA LeRC. Duc to the competitive
nature of the contracts, design and performance characterlstics were somewhat guarded.
The deslgn and performance data which follow were developed by Boelng personncl.who.
have baen active in thruster characterization for over 3 years. A review of these-data-by
LeRC personnel indicated the characteristics to be compatible with the findings of the
LeR( eontractual studies.

The assumed design_concept of the thruster and_typlcal characterlstlcs are shown In
tigure 4.3.1.4-10. Thrust is produced by electrostatic acceleration of lons.extracted from

MAGNET1C TYPICAL CHARACTERISTICS [
POLE STRUCTURE

1. DISCHARGE VOLTAGE: 37,0V

2. DUISCHARGE CURRENT! 67,67

3. NEUTRAL EFFLUX: 1,7136 A, eq.
4, TRANSMISSIVITY: 0.706

ANODE

BAFFLE 6. PEAKING FACTORS: 1/0.8
7. BEAM DIVERGENCE: 0.98

=

: JONIZATION CHAMBER
; .=>> FOR BEAM YOLT, OF 1000

BEAM CURRENT 12 AMPS
SEPS TYPE OPTICS

SCREEN/ACCEL/DECEL
RID-SET

=

GROUND SHIELD

MASS = 18 Ky
Figure 4.3.1.4-10 50-cm Argon Thruster

an electron bombardment lonizatlon chamber. This design reflects a multipole contain-
ment fleld to improve beam uniformity (flatness) and malntain primary electron confine-
ment In the plasma veiume. The Indlcated characteristics are Indlcative of a thruster
using & screen voitage of 1000V, beam current of 12A, and an optlcs similar to the NASA
SEPS thruscer. Varlatlons in véltage and current would alter the indicated character-
istics.

rerformance characteristics for the thruster as a function of Isp are: shown In
ligure 4.3.1.4-11. These data are indicative of that related to a 15A thruster and would

C-5

181

5, _DOUBLE ION FRACTION: 0.0624(J2/91 avg.)




ORIGINAL Pyt 19
OfF POOR QUL LY

BEAM CURRENT ()= 160 A

| S S

4000 5000 6000
SPECIFIC (MPULSE ~ (BEC)

Figure 4.3.1.4-11 50-cm Argon Ion Thruster Characterization

6000 0000

vary for different currents. It should be noted that for Isp's below 5000 sec; the
efficiency falls off dramatically, which will have a strong bearing on the required size of
the vehicle as well as propellant. Screen grid life characteristics and voltage relationship
with Isp are presented In figure 4.3.1.4-12, Life Is shown to be highly sensitive to beam
current as well as to screen voltage. The approach employed for selecting the beam
current for a glven Isp was to operate at the highest possible beam current that would
allow the grids to have sufficient life to perform a given mission. At the completion of
the trip, the grid sets would be replaced. Since a typical round trip involves over 5000 hr
of propulsion, designing for no replacement of grids in 10 flights would necessitate a beam
current of only 6A or 7A, which would considerably penalize the performance of the
vehicle.

Propellant Storage and Feed System: Tankage for liquid argon Is very simllar to
that assoclated with liquid oxygen since both have similar temperatures. Density of the
argon Is 1440 kg/m3 versus 1140 kglm3 for LO,. Propellant delivery from the tanks to
the tmaln propulsion modules is accomplished by heating the liquid argon and usifig the
bolloff pressurc to drive the gaseous argon. Flow rates resulting from this approach can
be adjusted to match those required by the thrusters, thereby eliminating any boiloff
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Figure 4.3.1.4-12 50-cm Argon Thruster Screen Grid Half-Life Trends

penalty assoclated with the long trip time. Based on L()2 tank mass fractions, a value of
4% of the propellant mass was assumed for the mass of the tankage and feed lines.

Power Processing Units (PPU): The function of the PPU is to adjust the voltage
provided by the array to that required by the electric thrusters. The extent of this
adjustment is indicated by the selected array voltage beginning at 1500V and by the 10th

flight decaying to approximately 1200V. The range of thruster Isp's to be Investigated

required voltages between 500V and 1500V. Another consideration was that for the sake
of performance analysis slimplicity, a constant Isp was desired, meaning a constant
voltage. It should also be noted that direct drive of the thrusters (power taken from the
array without processing) was judged to be beyond normal growth technology but was
cxamined as part of the accelerated technology effort of section 4.4,
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The power requirements for an lon thruster with an 1sp of 6000 sec are shown in the
following table:

Power Source Voltage (V) Current (A) Power (W)
Screen 850 18 15-300
Discharge/cathode 37 96 3 552
Acceletator 566 0.004 2
Total power 18 854

Notes In addition to the operating-mode power requirement
above, the discharge/cathode power support Is switched to
the cathode heater to bring the cathode up to operating
temperature during thruster startup.

The discharge/cathode supply was specified to be well regulated with respect to the
screen supply voltage. The discharge supply was to be switched to the thruster cathode to
heat the cathode to operating temperature during thruster startup. The thruster keeper
supply, if required for thruster operations, could be derived from the regulated discharge
supply. '

Based on these power requirements and the change in solar array characteristics
with radiation degradation, the lon thruster power processing unit concept shown in
tigure 4.3.1.4-13 was developed. The input filter section is followed by a preregulated
power to the remainde of the PPU. The liquid-cooled transformer used in the
transformer coupled inverter section Is based on the lightweight transformer development
effort by the USAF Aeropropulsion Laboratory (ref. 16). Regulation of the screen and
accelerator supplies Is accomplished by the input regulator. However, the discharge
supply requires further regulation and a régulator is provided for this output. '

The mass and power foss of each major element of the ion thruster PPU are shown in
table 4.3.1.4-3. The PPU has an efficiency of 92% and a specific mass of 2.87 kg/kW
(without growth allowances). ‘

Thermal Controlt The dec-dc solld-state converter used in power processing requires
an actlve thermal control system In order to control its operating temperature to a
maximum of 70°C. A hecat exchanger transfers heat from the gas circulating in the dc-de
converter to the Therminol-60 coolant loop. The coolant loop delivers the waste heat to a
space radlator which emits heat from both sides. A specific mass of 8 kg/kW of radiated
heat results with this system. 1
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VA = ACCELERATOR ANODE SUPPLY VOLTAGE
Vg = DISCHARGE ANODE BUPPLY VOLTAGE DISCHARGE/CATHODE/KEEPER GUPPLY
Vi = KEEPER ANODE SUPPLY VOLTAGE Vg =37
V, = GCRCEN SUPPLY VOLTAGE e 00
o' T AECTIFIER  PILTER _REGULATOR  _ .
PAOM SCREEN SUPPLY V. = 0860
GOLAR ARRAY RN ey WA >
1= 137 TRANSFORMER '
i o
. INVER
I o IDE/AC) T GROUND
INPUT PRE- : [ T
FILTER REGULATOR R PO FILTER, . o e e =
ACCELERATOR SUPPL
CONTROL UNIT Va =060
| .00
RECTIFIER  FILTER
¢ FOR THRUSTER Igp = 6000 SEC
Figure 4.3.1.4-13 50-cm Argon Ion Thruster Power Processing Unit Concept
Table 4.3.1.4-3 Power Processing Unit Characteristics
© 10N THRUSTERS ® TOTAL THRUSTER POWER = 18,654 WATTS
PPU SECTION MASS IN KILOGRAMS LOSSES IN WATTS
INPUT FILTER (28) (168}
PRE-REGULATOR (36) (39)
TRANSFORMER COUPLED INVERTER (8.0) : iom
SCREEN SUPPLY 0.0) 426
RECTIFIER (1 = 18A) 8.0 18
FILTER 20 407
ACCELERATOR SUPPLY 286} (120)
RECTIFIER (1 =.004A) 19 1
FILTER 18 "9
DISCHARGE/CATHODE/KEEPER SUPPLY (0.0) (454)
RECTIFIER (1 = 96A) 40 )
FILTER 30 107
REGULATOR 20 280
CONTROL UNIT 5.0 30
{NSULATORS 23.0% (30}
3 WIRING & CONNECTORS (2.6) (16)
INTERNAL THERMAL CONTROL 6.0)
PACKAGING (11.0)
TOTALS 69.0 T
KQ/KW = 2.87 EFFICIENCY = 82%
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Avieniear Guldance and navigasion equipment includes two Sun sensors, two star
trackers, and red-dant laser gyro assemblies for o total mass of 60 kg. Data handling
makes use of two central computers, 20 remote unlts, and three Interface units totallng
140 kg, S-band communications equipment totals 20 kg,  Power control and wiring
provisions contribute 760 kg, with 70% of this attributed to wire harnesses. The total
avionies mass is 980 kg.

Secondary Power: Secondary power ls required during the time the vehicle ls
occulted. Regenerative fuel cells provide the maln power source with a small utllity
battery used for peaks. The total estimated mass Is 250 kg Including wiring.

Auxiliary Propulsion: Auxillary propulsion is required to maintain attitude during
the occultations, to provide initlal propulsion when near the LEO space base, terminal
propulsion near a GEO base, and attitude control/stationkeeping during the turnaround
cperations at LEO. To circumvent cryogenic storage problems and the low use rate, an
N2I-~I,‘k ACS system Is employed.

Performance Parameters: The key performance parameters used in the optimiza-
tion of each EOTV-option as well.as the_values resulting with the point design are shown In
table 4.3.1.4-4, The majority of the values were described in the preceding paragraphs;
however, several factors represent a combination of several subsystems and merit
exglanation. The power generation system Includes the mass of primary structure, solar
array, and power distribution system, divided by the indicated blanket output. All masses
reflect growth allowances. The EPS structure includes the yoke and girmbal system
assoclated with the maln propulsion modules. The other subsystems include the total of
the avionlcs, secondaty power, and auxiliary propulsion.

Option 1: Heavy Shielding - The motivation for a heavy shielded solar. cell optioh was to
see if the beneflt of reduced radiation degradation would offset the additional mass per
unit area and result in a lower cost EQTV. The performance patameters which differ
from the point design are the specific mass of the power generation system and the P/Po
for the 10th flight.

Based on areay power output versus shield thickness data shown in figure 4.3.1.4-14,
300- ym (12-mii) shields appear to be an optimum design point. The reference heavy
shield array Is therefore 300-50-250 pm (12-2-10 mils) in terms of cover-cell-substrate,
respectively. The additional substrate thickness is necessary since the radiation is
omnidirectional.
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Tale 4.3.1.4~4 Point Posign Performance Parameters

e
VARIADLE IXen i g
DPARAMETERS, (7= NALUE PAR AMETERS, VALUE
. A\; (ONE wAY) 6010 » reservrs (1) 2
o RADIATOR ( kg/kw) (]
o JPECIFIC INPULSE  goo | o eps sTRUCT (R PW) 16
o NON THRUST TIME % 16 o OTHER SuBsYS (xg) 2200
o P/PU (lgTﬂ-FLT 8 0.22
180 DAYS
o POWER GEN SYS 4
(kg) .
(w/M2) x> TYPICAL WITH INDICATED ISP
e PPU EFF, [™> 92 (> VALUES VARY WITH DESIGN OPTIONS
o PPU (kg/k) 3.3 [~> VALUES SAME FOR ALL DESIGN OPTIONS
o PROP TANKS ..
(Zwp)
® THRUSTER (&> 1
{kg/kw)
0o
or}
L
ok

& HESP il CELL

oA
o & ONE ROUND TRIP

08 -

o} 3 5 | A ) A A §

0 78 180 18 W 480 ] 400 o
SHIELDING THICKNESS (MILS) 5

Figure 4.3.1.4-14 Shielding Effectiveness ?
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The additienal mass per unit areéa of the 300-50-250 array Is based on 0,057 kg/m
for each 23 wym (l mll) of cover or aubstmte. As a result, the 300-50-250 has an area
mass of 1.4 kg/rn versus 0,427 kg/m for the polnt design. Beecause of the heavier array,
a 15% structural penalty was assumed. No additional penalty was assumed for the power
distribution system. ‘ _

The total power generation system Invelves the array, structure, distribution
system, and growﬂ\ allowances (21%). The power output of the array (without degrada-
tion) was 179 W/m + The resulting spocific mass of the 300-50-250 was 10 kg/kW versus
4 kg/kW for the point design.

The benefit of the heavy shield optlon, however, Is much lower degradation. As
previously shown In flgure: 4.3.1,3-10, at the completion of the first_trip, the P/Po is 0.64
versus 0.42 for the point design. At the completion of the 10th_flight, the heav; shield
option has a P/Po of 0.45 versus 0.22 for the point design.

The system level comparison of this option and others Is presented In section ¢.3,1.5,

Optlon 2: Chemical Assist Transfer Mode - This option is based on the concept of moving
the_EOTV rapldly through all or.the-majority of the Van Allen radiation belts using a

chernical OTV. This concept is illustrated in figure 4.3.1.4-15, Following staging of the

EOTV DELIVERY >

i =2 S Y
uUs
EreeThic \

BUR STAGING ALTITUDE \\
. e COAST  \

CHEM OTV
/} sgmngﬂou \\ \

/
/

N CHEM OTV RETURN py
CHEM ACS
. _DURING OCEULY,. ~
R
Figure 4,3.1.4-15 EOTV/Chamical OTV Mission Profile
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chemical OTV, the EOTV completes It delivery mission to GEO, Return of the EOTV can

be accomplished elther by Itself or by a chemlcal OTV rendezvousing at o specific oltitude ‘
and agaln moving the EOTV rapldly through the bolts back to LEO. The key mission '
variable In this option Is the altitude sclected for staging. The performance parameters, : ]
which will vary from the polnt design, include the EOTV_delta-V, nonthrust time, P/Po, g ‘
and the use of a chemical OTV for delta-V assistance. ' j

EOTV dclta-V requirements as a functlen of altitude and Inclination-are shown in ’
tlguré 4.3.1.6-16. In this analysls, altitudes of 7400 km and L1 100 km were considered for

.’ i
- 1
(]
gs
- PLANE
f‘_ CHANGE
< - ‘ ‘ , 194, 0 BEG.
ﬂ 8 30, © OEG
- 28, 8 DEG.
- 24,8 DEG.
2 |- 20,0 DEG, :
= !
gLt et ipbestisyl prtotrrelonenataldlpges ;
20 :

10
y INITIAL ALTITUDE IN KILOHETERS

Figure 4.3.1.4-16 Low-Thrust LEO to GEO Delta-V

investigation. At 28.5 deg, the 7400-km altitude required a delta-V of 4030 m/s (one-way
and Including reserves) while 11 100 km tequires 3350 m/s as compared with 6000 m/s for
the self-power point design which begins its mission at 370 km.

The nonthrust time for this option is 2% rather than 15% for the point design. The
reduction IS the result of the EOTV being nearly in full sunlight once the Indlicated
altitudes are reached. A small amount of occultation occurs as the vehicle approaches
GEO (within 20 days) during the equir.x periods due to array and thruster startup
considerations.

The P/Po assoclated with this option Is indicated in figure 4.3.1.4-17, The left-hand
plot shows the fraction of fluence below a given altitude. For the altitude of 7400 km,

e
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Figure 4.3.1.4-17 Power Outp. * Sensitivity to Altitude

nearly 80% of the radiation is bypassed and with staging at 11 100 km, approximately 98%
ls avolded. At the higher altitude, however, trapped electrons and solar flares become
contributing factors. In terms of 1-MeV fluence per round trip, the 11 100-km altitude
would have 3.5 x 1017 versus 1.07 x 1017 for the point design. The resulting 10th flight
P/Po Is 0.55 for the chemical assist to and from 11 100 km versus 0.22 for the point
design. The other chemical assist options both have a P/Po of approximately 0.4,

The significant improvement in power with this opiion unfortunately Involves the
use of a chemical OTV to achleve the dosired altitude. The propellant required for the
chemical OTV to deliver and return an EOTV is shown In figure 4.3.1,4-18, On a mission
which dellvers an EOTV to a given altitude, the chemical OTV returns to LEO using
aeroassist where it would walt for the return of the EOTV to the staging altitude. Whena
chemlcal OTY returns an EOTV to LEO, the propellant Includes that which is necessary to
reach the EOTV at the staging altitude and the return using an all-propulsive return mode
due to g constraints.
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Figure 4.3.1.4-18 Chemical OTV Assist for EOTV

in terms of which suboptlon is the most cffective,

lson with other system options I8 In section

The optimization of this concept,
is presented In section 4.3.1.9; the compar

“‘0301.6-

- Another method which can be used to reduce solar
to have a concentrated design which provides mote
tor designs were considered In the SPS studles

Option 3; Concentrated Solar Array

array atea (and resulting high cost) is

power per unit ared. A number of concentra
(ref. 2). The one judged to be the pest. when consldering factors such as performance,

constructibllity, and required attitude control accuracy was CR = 2. An lllustration of
this concept s shown In flgure 5.3.1.8-19. In this concept, sunlight Is recelved by the

array via direct impingement as well as from reflection from the concentrators.
¢ the structure form the V-ridges which, in turn,

Lightweight space-fabricated tribeams fo
are covered by aluminized Kapton to provide the reflecting capabliity. The performance

parameters which are different from the point design include the power output and the

specitic mass of the power generation system.
the power output for the CR = 2 desigh was estimated to be 260 \V/m2 (before

degradation) versus 179 \Vlm2 for the point design which was planar. The higher output is

the result of effectively twice as much sunlight hittlig the array, but it Is partially offset
higher temperaturc caused by

because the cells operate at o jower efflciency due to the
the concentration (106°C versus $5°C for CR = 1). A 3% penalty was also included to

compensate for lack of perfect reflector flatness. The etfective CR was therefore 1.43.
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SUNLIGHT

REFLECTOR (CONCENTRATOR)

SOLAR ARRAY BLANKET

Figure 4.3.1.4-19 CR-= 2 Concept

The power generation system for this optlen Includes the array, structure, conceéne
teators, and distribution system. A speclflc mass of 3.5 kg/kW was estimated versus

4.0 kg/kW for the polnt design. This value was based on CR = 2 to CR = | speelfic mass
ratios established In the SPS study. ‘

Option 4: Lower Power With Arc Jets - This option also has the potential to reduce the
required solar arrav area by means of operating at a significantly lower Isp and, thus, less
propulsion powei. This is accomplished through use of hydrogen propellant arc jets rather
than Jonthrusters.

As indicated In section #.3.1.2, arc jets have been Investigated in the past but not
until recently has a concept been put forth which had the potential to improve their
efficiency to an acceptable level. This concept was that of adding a mixing chamber
downstream of the arc chamber to homogenize the propellant, which Is subsequently
expanded in a conventional nozzle, A concept for a 25-kW unit Is shown In figure
4.3.1.4-20. Thruster size considered In the FOTV analysls, however, ranged between 100
to 200 kW. Most significant performance parameters which vary from the polnt design
include thruster performance, PPU performance, and propellant tank mass fractlon.
Performance forthe arc jet includes an Isp of 900 sec (versus 6000 sec for point design)
and an efficlency of 0.9 (versus 0.75). Higher lIsp is possible; however, chamber
temperatures become a concern and the assumed efficlency would be lower.

The PPU deslign concept for the arc Jet thruster was based on a unit sized for
200 kW (2000A at 100V). The concept efficlencles and specific mass for lower power
levels would not be appreciably different. The ar¢ jet PPU concept Is shown In
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Figure 4.3.1.4-20 25-kW Thermal Ar¢-Jet Concept

figure 4.3.1.4-21. Related mass and power loss of each major PPU element are shown in
table 4.3.1.4-5. The PPU for the arc jet has an efficlency of 93% and a specific mass of
1.83 kg/kW of processor input power (without growth allowances), The major causes for
differences in arc jet PPU efficiency and specific mass from the lon thruster PPU are the
number and types of PPU outputs required for the lon thrustet. The increased number of
supply voltages for the lon thruster primarily account for the specific mass difference,
and the regulation requirements of the lon thruster discharpe voltage account for the
efficlency difference.

The propellant tank fraction to propellant mass was estimated to be 18% versus 4%
for the point design. This significantly higher value is the result of the arc jet using
hydrogen propellant with 4 density of 67 kglm3 rather than argon (1440 kg/m’).
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Figure 4.3.1.4-21 Arc Jet PPU Block Diagram
Table 4.3.1.4-5 Arc-Jet PPU Characteristics
V = {00V
I = 2,000A
MASS IN LOSSES IN
' POWER PROCESSING UNIT SECTION KILOGRAMS WATTS
INPUT FILTER 26.8 1,760
PRE-REGULATOR 36.0 4156
INVERTER 8258 6,616
RECTIFIER 80.0 1,400
FILTER 310 5,320
IGNITER 4.0 i
SWITCHING UNIT : 120 200
CONTROL UNIT 8.0 60
WIRING AND CONNECTORS 8.0 160
INTERNAL THERMAL CONTROL 373 -
PACKAGING 7
, TOTAL 302.3 14,810
I NOT USED IN NORMAL
> kg/kW = 1.83 EFFICIENCY =
OPERATIONS wio GROWTH)  83% ;
4.3.1.5 System Optimization
Each of the design options characterized in the preceding section can be operated )
with a certain trlp time and Isp which results in minimizing power, mass, and, most '

importantly, cost. This section presents the guldelines and assumptions used in the
optimiz.tion and the results for each design option.
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Guidelines i Assumptions - System level perforoinee factars which contritute w the |
cast opthmbantion neluded the slee of the arvay, dry welght of the POTV, and propellant
vequirement per flight. A sumimary of the top-level parameters used i establishing these |
pecfurmianee patameters s shown below (each has been discussed proviousty in seethon ,\"
4 ALY, ]
)
L Payload up: 25t |
2 Payload downg Ot ,
L Desipn dites 10 flights “
b Skze for end of Hfc: 10thSlght g
S, Upstelp thines variable (120 < 300 days) *‘

6. Ispr variable (4000 . K000 see)

T

A summary of the Key subsystem aad flight chavacteristics conteibuting to the
pecrformance of each EOTV dexsipgn option is presented [ table £, % L5-1.  Each of these
parameters has been described in section 8,%0.0,

i Tale 4.3.1.5-1 EOTV Optiatg Porfarmantce Paramoter Sumntary

PARAMETER POINT OPTIUN 1 OPYION 2 OPTION S OPTION 4
"""""M “m'*“"""‘ﬁ ayy | S SHILDING CHEM ASSIST CR=2 ARCJET
My 0000 v SUBO & 400 v v
SPLCIEIC IMPULSE
sE€) [ G000 4 ¥ 4 £00 :
= NON THIUST TIME % 16 2 v v
PIPO (1014 ELT E
100 DAYS) .2 &8 04 ¥ v E
POWER GUN 88 ‘3
(Ky/Kw) 0 v 1) o
OLANKET QUIPUT
W) ¥ v 260 ¥
o U GEE I o v v v 0
: U ikprkep i 99 v v v a9
. PROP 1ANKS . s ,
. N Wp) 4 ¢ ’ v 10
THRUSTER (1> . ) ,
{Kg/Rw) 1 N v * v 0810
RESCRVES (% ) 2 3 v, v ¥
RADIATOR (RwKw) 8 v v A 4
AP BIRUCY (B LPS) W ¥, v, ¥ by
OVHEN SUDSYS (hg) 2200 v ' v ’

[V > PARARE 1 E1 VARIES BUK INBIGATED VALUE 1S 1 VPICAL
+° BAME AB POINY DESIUN
[ YYRICAL Witt INDICATYED ISP
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A high-level costing approach was used for the Initial optimization and comparison
dur to the wide range of-vehicle slzes possible with varlable trlp time and lsp. The key
parametors were launch cost, vehicle cost, and trip time Interest cost. It was also judped
that a distlnction between dosign options could be found by comparing the costs
assoclated with cach. vehicle concept performing 10 flights (its design life). Once an
EOTV concept was sclected, a more detalled-cost assessment would be made including
DDT&E, total productlon and operations costs assoclated with the EOTV fleet, and
the delivery of compatible mission model payloads.

Launch costs were to include those associated with the. LEO delivery of payloads,
EOTV hardware, and propellant. A shuttle-derivative vehicle was to be used with a cost
of $22M per flight.

EOTV costing was done using parametrics assoclated with the power generation
system and the electric propulsion system. The power generation systern cost parametric
is shown In figure 4.3.1.5-1. The indicated cost reflects three key points: First, the

¢ TODAY (150-200-60 WM BLANKET)

FOTV EOTV BLANKET

COST SUMMARY (RWATTI

¢ TODAY  §600
¢ FOTV 60
® SPS 0.30

© 70% LEARNING
S ARRAY IS 76.60.60 um
oCELLGIZEISBCM X BCM

= EXPECTED HANGE o
P,
PRODUCTION QUANTITY (M2 PER YEAR)
Figure 4.3.1.5-1 FOTV Design Driver—Solar Array Production Cost

initlal starting point tor the EOTV array is approximately onc-half the cost assoclated
with a typical 1980 technology array. The basis for this reduction is presented in
table 4.3.1.5-2. The biggest reduction is the result of using 5- x S-cm cells, although a
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Tate 4.9.1.5-2 Sllicon Solar Blanket Cost Projection Production

19000 1990 TECH, 1890 TOCH,
(TYPICAL) THINGELL THIN WITH LARGE 8128,
BLANKET MAKE-UP 160.200 60 766060 756060
(COVER CELL SUBST 1IN hm)
CELL S1ZE (0M) ax2 an2 LY
CELL GFF. (%) 126 10 10
MATERIAL COST ©10) (911.0) (896.0)
CELL s [> 260> wo D>
COVER & (FUSED BILICA} 20 [P 170 >
OTHER " 00 [> 1% >
LABORDLKT. ASSY (816) o B (s6.00) B>
BLANKET COST/CELL (625) (822) )
CELLS/S0. M 2260 2290 368
cosT/s0. M 660,800 848,720 26,916
[> Baseo on 1700m2 [> i rHere was > (> FEWER PIECES IN BLANKET
(200KW) PER YEAR
B> CONVENT INTERCONNECT, [ CERIUM DOPED MICROSHEET > ProroRT. 10 AREA & DIMEN
ADHESIVE, INSUL.
B> REFLECTSCURRENT SPLINT  [B> PRINTED INTERCONNECT - [B> PEWER CELLB/BLRT.
IN SERSDBLANK. __ __ NO ADHES, INSUL

small benefit also occurs with an advanced thin cell (50 ym). Second, the EOTV array
production cost reflects a 70% cost reduction rate which may be expected with highly
automated production associated with large numbaers of units. Third, the production rate
per year reflects a total of nine vehicles during the 16-year mission model. The total
power generation system cost was found by adding 5% to the array cost to cover structure
and distribution systems.

The electric propulsion system cost parametric is presented In flgure 4.3.1.3-2.
Those data reflect average unit costs of the thrusters and PPU's based on a buy of
9 vehicles. Thruster and PPU costs constitute 75% of the cost of the EPS. For a given
teip time, a higher Isp requires more thrust, thus more unlts and a lower average unit cost.
For a given lsp, longer trip times requive less thrust, thus fewer units and a higher average
unit cost,

Teip time cost relates to the interest which must be pald on borrowed money during
the thme it takes to make the delivery. Typically this is a half year. The interest was
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Figure 4.3.1.5-2 Electric Propulsion System Cost Parametrics

determined using a rate of 15%, pald against the captial invested which included launches
and payloads. The cost for a 25t payload was assumed to be $100M.

Point Design Optimizatien - Optimization for the point design is presented in *erms of
power, mass, and cost. The power optimization Is presented in figure 4,3.1.5-3. In the
left-hand plot, which uses a fixed Isp, the emphasis is on sensitivity to trip times. Longer
values require less acceleration and thus less propulsion power. The degradation
percentage increases with longer trip time. The right side of the figure presents the same
data but from the viewpoint of the sensitivity to Isp as we!! as trip idme. Higher lsp
generally requires more power although, at values as 'ow as %000 sec, the thruster
efficiency falls off so rapidly that mmore power Is required. In summary, an Isp of 5000 scc
appears optimum over the range of trip times of must interest (180 to 200 days).

The mass optimization is shown In figure 4.3.1,5-4, Once again, these data reflect
the mass which must be delivered to LEO in order to perform 10 EOTV flights. From a
fixed-trip-time stundpoint shown in the upper left, it indicates the hardware mass is
minimum at 6000 sec and gets heavier with more Isp. The higher Isp's require more pawer
which means more solar array and propulsion equipment if a constant thrust Is maintained.
Propellant mass, however, comes down signlficantly with higher Isp.  The upper right plot
shows both hardware and propellant decreasing with longer trip times, Again this is due
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Figure 4.3.1.5-3 EOTV Power Optimization
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Figure 4.3.1.5-4 EOTV Mass Optimization
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to less acceleration required. The lower plot shows the combined effect and indlcates the
least mass occurs with long trip times and high Isp. The cost optimization of the peint
design Is presented In figure 4.3.1.5-5, again from several viewpalnts. The left-hand plot

© POINT DESIGN EOTV
¢ PAYLOAD = 26 MT/FLT

' t

. #COST INCLUDES - :
620 PLT HRDW o0 ]
wl- 700 |- UP TIME (DAY) !
120 /.
% 360 |- § 600 |- :i
§ : 1

E -
INTEREST r
§ o § wor
I
200 |- 400 - — {
FLT HROW \.\ ]
120)- 300}~ 300 o
0 1 1 1 1 1 1 A | i 1 1 ;[A 1 \ ) i L. ) 'j‘
120 160 200 240 280 a4 [ 8 ? 8 )
UP TRIP (DAYS) Isp (103 SEC) 1

Figure 4.3.1.5-5 EOTV 10-Flight Design Life Recurring Cost Optimization

4
4

emphasizes the influence of trip time. If considering only the traditional elements of
costing such as hardware and launch, longer trip times are better. As indicated in the
guidelines, however, in the case of long trip times, the cost of borrowed money expressed
as Interest should also be Included. Once this factor is applied, the optimum trip time-
moves back to 220-240 days. It should also be noted from this plot that the cost of
hardware (one EOTV) is much greater than that of launching its propellant (even for
10 flights), which Is dramatically different from chemical OTV costs. The right-hand plot
emphasizes the effect of 1sp for several trip times. In this case, the cost optimum for all ;
trip times occurs with an Isp of 6000 sec; however, the cost does not vary significantly o
between 5000 and 8000 sec. o

In summary, the point design, when using an up-trlp time such as 180 days, requires ‘
minimum power with an Isp of 5000 sec, has a minimum mass with 8000 sec, and is cost R
optimum at 6000 sec. The cost optimum lsp, however, occurs with up-trip time of
240 days. i
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Other_ Sclf-Poawer_ Optlons - Other optiona which use self-power include the heavy
shielding and CR ~ 2. Each of these exhiblt optimization trends similar to these shown for
the point design. Thelr cost optimization occurred with lsp's between 6000 and 8000 sec
and up tlnes of 220 to 240 days, The arc jet option was analyzed only for an lsp of

900 sec and optimized also at 200 doys.

Chemical Assist Option - Pecause this mode was considerably different from the self-
power mode, inasiuch as a large portion of the Van Allen belt was to be avoided, It was
thought the optimization would occur at a different Isp and trip time. In addition, there
was the factor of considering several delivery rodes and altitudes.

The. cost. optimization for the chemical assist option. Is shown In figure 4.3.1.5-6. In
the case of a chemical OTV assisting in delivery and return from an altitude, the higher

® 10 FLIGNTS
el 6000 SEC
o _® 180 DAY
o UP TRIP = 180 DAYS 1P TMIP. © 180 DS
oo}
6o}
—TO/FRON 7400 KN ok »
g o INTEREST
3 L
E -
= sof- L -
1 voseron 11,100 K - 200 4 LAUNCH
8 - PROP
e
0} ) ” ll - PROP
TO 11,100 KM [~ ewee
- T PP
300 p- : 5 POWER
1 - /.4 GEN
o LA { i i 1
o Ve 5 6 ? 8 YO/FRON  TO/FRON 10

1gp (107 SEC) 7400 11,000 11,100
Ftgure 4.3.1.5-8 Chemical Assist EOTY Cost Optimization

altitude optimized at a higher Isp and provided a lower cost. This occurs because the
array is smaller and its cost savings more than offset the launch cost of additional
chemical OTV propellant, as shown in the right-hand plot.

Chemical OTV assist only for delivery to the high altitude provided the least cost.
The array In this case was not penalized too excessively because the down leg flown by
the EOTV without payload is relatively fast (approximately 1/4 the upleg to the same
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altitude). The savings In chemical propellant were signifieant, howover, slnice It only had
a payload for enc-leg of its teip.

In summory, chemical OTV assistance only. for the dellvery leg Is preferred. A
staging altitude of 11 100 km is probably ncar eptimum since very little Van Allen proton
radlation Is present: At higher altitudes, electrons and solar flares become the elements
of major concern.

4.3.1:6 Option Comparison and Selection

This section-presents a summary comparison of-the normal growth technology EOTV
options. Data for all options are presented using 180 day up-trip time. Although this trip
time is-not cost optimum, the cost penalty is small and the duration is judged to be more
acceptable from a users' standpoint. All optlons use an Isp of 6000 sec, except arc jet
which used 900 sec.

Power Requirement - The power requirements for the options are presented in figure
4.3,1.6-1. The propulsion power is that related to the Isp and trip time while the

8.0f
SEOL SIZING
¢ 10 FLIGHTS
a0} » FLIGHT TIME (DAYS)
160 UP
© lip & 6000 SEC EXCEPT
§ ARCIJET (600 SEC),
30}
T
g 20}
DEGRADATION
(OVERSIZING)
10}
/-- PROPULSION
. : eF
POINT orT, 10 oPt. 2¢ OPT.3*  OPT.4°
DESIGN  SHIELDING 0'3‘5" ASSIST Cit=2 ARC JET
(30080.260) UPLEQ
11,100 KM

SOTHER PARAME TENS SAME AS POINT DESIGN

Figure 4.3.1.6-1 EOTV Power Requirements
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degradation reflects the oversizing to compensate for radlation damage. The heavy
shiclding option (No. 1) required the largest amount of propulsion power bocausé It Is the
heavicst vehicles The arc jet optien needed the least amount of propulsien power. From
the standpoint of percentage of oversizing, the heavy st ding and ehemical asslst eptions
are almost equal. The heawy shielding option minlinlzes the amount of radlation reaching
the cell while the chemical assist option avelds the major portion of the radlation fluence.

Vehicle Size - A comparison of the vehicle size which results from the power require-
ments Is shown.ln figure 4.3.1.6-2. In addition to the significance of the array size, other

ACTIVE AREA-—-= 31000 m2 20400 m? 8600 md
- = annav geram?)
KEY IMPACTS :
CONSTRUCTION
¢ FLIGHT CONTROL o ASPECT RATIO = 8
o DIMENSIONS IN METERS
4| — nerLecton
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11,100 KM (> OYHER PARAMETERS SAME AS POINT DESIGN

Figure 4.3.1.6-2 EOTV Options and Size Comparisan

key factors related tw vehicle size include construction and flight control difficulties.
Due to their power needs, the chemical assist and arc jet options have the smallest size.
It is also of interest that the CR = 2 option, although not requiring the largest amount of
power, results In the largest conflguration by nature of the reflectors requiring the same
arca as the array. Due to a higher power output per unit area, however, the CR = 2 array
is about the same size as the heavy shielding option; even though its total power
requirement is nearly 35% greater.
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System_Mass - The aystem mass comparison Is shown In flgure 4.3.1.6-3 and reflects the
dry welght of the vehiele and the propellant for the 10-flight vehicle design life.  The
arc=jet optlon, although belng nearly the smallest EOTY, rosults In a huge 10-flight massy

1300 :]’ms
- e PAYLOAD MASS

woo} (26,000 Kg) NOT INCL.,
—
2
3 g
g 00§ {10 PLTE)
o EOTV
PROP
200k (10 PLTS)
100}
EOTV DRY

POINT OPT, 1* OPT. 2¢ oPT. 3¢ ortT. ¢
DESIGN SHIELDING CHEM ASSIST CR=2 ARC JEY
S0060.260 UP LEQ
14,100 KM

*OTHER PARAMETERS SAME AS POINT DESIGN
Figure 4.3.1.6-3 10-Flight System Mass Comparison

the main contributor being propellant as a result of the Isp of 900 sec and the large
propellant tank mass fraction when using hydrogen. The chemical assist option also
Involves a considerable amount of mass. Although it is the smallest EOTV and uses the
lcast amount of EPS propellant (due to its reduced delta-V when starting at a higher
altitude), it requires 38t of chemical propeltant each Slight to deliver the EOTV to its
starting altitude. The least massive system was the polut design, even though the heavy
shielding option was smaller. Agaln, this occurs because the vehicle Is less massive per
unit area which results in less nranaligng,

Cost - The final comparison o1 the options involves the cost to procure one EOTV and
have it perform 10 flights, These data are presented In figure 4.3.1.6-4, Although large
variations occurred with the other comparison parameters, relatively little difference
exists in cost with the exception of the arc-jet option. The biggest contributor for the arc
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Figure 4.3.1.6-4 10-Flight System Cost Comparison

jet was the launch of the large amount of hydrogen proepllant. The chemical assist option
provides the lowest EOTV hardware ‘cost; however, the launching of the chemical
propellant increases the cost to nearly the same as the point design and heavy shielding
option. As compared with the point design, the heavy shielding option required less array
and, thus, less power generation cost; Lut because of being heavler, it required more EPS
hardware and propellant. The CR = 2 option results in the least cost primarily by virtue

of its high power output per unit area and relatively low welght resulting in a relatively
small ammount of propellant,

Assessment and Selection - An overall assessment of the options based on the preceding
cothparlson parameters and other factors indicates the following, Only the arc-jet option
Is ruled out due to cost. The CR = 2 option is hot preferred because It Is more difficult to
construct, has performance uncertalnties relutive to the reflector, and most ltkely
(although not determined) would have a higher DDT&E cost because of lts design
complexity (V-ridge reflectors must be integrated in with the array). The echemical assist
option, having the lowest cost of the temalning options, presents an additional operational
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complexity as cempared with the solf-power mades, A key advantago of thls eptlon,
hewever, ls that It has less acnsitivity te trip times aa fant aa 120 days. Roth the polnt
deaign and shielding optioia could be Improved In torms of reduced alze, with no Impact on
total flcet cost, by deercasing the mass ef the paylead to 12t to 13t (there would bo more
vehieles but they would be smaller in alze). The shielding option, hewover, I8 judged to be
mere forgiving relative to uncertalnty of the radlatlen Impact and currently requires 30%
less array.

The recommendation 1s, therefore, to use the heavy shielding EOTV option in the
normal growth comparlson of electrlc versus ehemical OTV's. Furthermore, this concept
and the polnt design with lightwelght array will be assessed for improvements resulting
from accelerated technology. It should be stated, however, that the chemical assist
option Is still a reasonable alternative; It Is not belng eliminated but rather “shelved" duc
to limitations on the number of options which can be further Investigated at this time.

4.3.1.7 Selected EOTV Description

This section provides a summary of the design and operational features assoclated
with the selected normal growth EOTV. This system will be used in the normal growth
technology comparison of electri¢ versus chemical OTV's.

Configuration Description - The configuration and key characteristics of the selected
EOTV are shown in figure 4.3.1.7-1. In general, the design approach for the subsystems Is
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THRUSTER MODULE {2)

A\< PROPUL 8YS shtAR AHRAY (30¢ um
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200 Figure 4.3.1.7-1 EOTV Normal Growth Reference Configuration
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the same aa deacribed faor the polnt denlgn In sectien 4,3,1,4. The system I slzed to

dollver 25t In 180 days, using an lap of 6000 sec. The ROL power 1o 3600 kW (1600 kW ]
EOL), which requires 19 600 m2 of 900-90-290 ym array. The maln propulsien madules : :
are meunted on the ceaterline of the vehicle at each end through means of a yoke and l‘y \
A glmbal system which allows them te be preperly directed and operote whenover the ‘
vehlcle ls genorating power. The—modules contaln a total of 110 30-em thrusters, ' 1

producing 38N of thrust, The modules alse contaln 110 power processing units. The solar
acray ls dosigned so enc=half Is dedlcated to cach maln propulsion module. Auxillary
propulsion modules are located at the vehlele eenter on.the lateral.axis to provide roll
control during flight, stability during cccultatlen, and stationkeeping. The framework ls g
made up of space-fabricated tribeams. Payload and propellant are located at the center i 1
of the vehicle to provide the most optimum moment-of-Inertla characteristics, The total ]
vehlcle dry welght Is 51t, of which 14,3t Is propellant.

A mass breakdown of the configuration is shown In table 4.3.1.7-1. The solar array
represents nearly 70% of the dry mass, partly due to its heavy shielding, All dry masses
reflect a growth allowance of 15%.

Table 4.3.1.7-1 Nermal Growth Reference Systom EOTV Mass Summary

i i

11EM MASS (M.T,) (i DESCRIPTLON
POWER GEN & DISTRIB, (37.9)
SOLAR ARRAY 33.4 300-50-250 it BUANKET , 19600 8@, M i
PRIMARY STRUCTURE 3.0 1.2 M TRI BEAM, 2700 M '§
DISTRIB. & CONT, 1.6 BUSES &, SWITCHGEAR, 1600 VOLTS y
ELECTRIC PROPULSION (10.8)
POWER PROCESSING 6.0 (110) 15 KW UNITS ,:,’
THRUSTERS 1.7 (110) 6OCM UNITS )
THERMAL CONTROL 1.2 ACTIVE RADIATOR, 2108Q, M :
PHOP, STOR. & FEED 0.6
STRUCT & MECHANISMS 1.3 GIMBALS, YOKE, PANELS
AVIONICS (1.5) G & N, COMMUN, DATA MGT C
SECONDARY POMER (0.5) 4 REGENERATIVE FUEL CELLS
AUXILIARY PROPULSION SYS, (0.2) Ng H gy SYSTEM
FIXED Wi, (60.9) 3
ARGON PROPELLANT (14.8) ‘
MALN IMPULSE 14,6
RESID & RESERVE 0.3
[L.- EACH EQUIP ITEM INCLUDES 162 MARGIN FOR GROWTH ALLOWANCE ‘
]
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Qperatlons -~ The flight scheduling (utllization) and fleet sizing of the EOTV's are
indicated In figure 4,3.1.7-2, Based on a total of 73 flights over 16 years, a total of four
vehicles are required In the fleet at a given point In time. Bach flight consists of a
26-week up trip, | week allocated to offioading payleads at GEO and any unscheduled
malntcnance, a downtrip of 16 weeks (dictated by the amount of thrust provided for the

73 EOTV FLIGHTS IN 16 YEARS
4,6 FLIGHTS PER YEAR.
1 FLIGHT EVERY 11,5 weeks (EACH 25 MT)
4 VEHICLES IN FLEET
WEEKS

0 10 20 30 4o 50 60 70

EOTVFLT § "o Ty v T v U v v

GEO TURNAROUND £0 TURNAROUND
' Sl RounD TRIP ~ UG WEEKS

gotv No, 1L

l BREAKDOWN )

No. 3 L —]

No, 4 | N

NO. 1

@ 10 FLIGHTS PER VEHICLE

o8 VEHICLES REQ'D FOR ALL- MISSIONS
Figure 4.3.1.7-2 EOTV Flight Scheduling and Fleet Sizing

up trip), and 2 to 3 weeks for LEO operations, for a total of 46 weeks from the beginning
of one flight to the initiation of another for a given EOTV.

A tmore detalled description of the operations which occur at LEO is indicated with
tigure 4.3.1.7-3, During this time period, the EOTV stationkeeps near SOC, rather than
being docked, due to its physical size. The EOTV malntalins a gravity gradlent stabllized
attitude and minimum drag profile to minimize propellant requirements, The major
turnaround tasks Involve vehicle refurbishment and loading of propellants and payload.
The stationkeeping propellant expenditure of 29 kg/day is based on the data shown In
tigure 4.3.1.7-4, using a nominal atmosphere.

A concern assoclated with basing a large but low-thrust vehicle at LEO is whether
or not sufficient thrust Is avallable to overcome drag (worst case) as the vehicle begins its
orbit transfer. This situation Is further complicated by the fact that at the low altitudes,
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Figure 4.3.1.7-8 EOTV LEO Operations g
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plasma.- losses also occur which decrease the amount of power available for thrusters.
Nata pertalning to this toplc are presented in figure #.3.1.7-5. When considering the
warst-case, which is the beginning of the-10th flight, a nominal atmosphere would require
6N of thrust. Bven with a 14% allowance for plasma loss, a total of 33N Is avallable;

therefore, no problem exists. This thrust level, in fact, is sufficient for even the worst
atmospherc-density ¢ase.

o INITIAL THRUST AVAIL AT 10th TRIP
%‘éﬁ&%“’.‘ﬁ“eé“#““ To w3gN WITH 1640 x:
0TV AREA =20000M2 ® PLASMA. LOSS = 14
:iR;AY--IS :oo-soazsoum ousAnLe POWER & THRUST
= 1416 KN, 33N
1000 o e -
500 | —
e =
, ~
“~ Yo ‘5_
E 100
z S0 : . . :
— —
2 C P—r——
8 10 ~ ~ o e o, SHORT
ul TIME
E 5 1 MAX1MUM
% = medengl 3 S1GMA
E | _ ._ ~< _—
< 5 ' NOMINAL
: \ |
RSN ENENEE R NN NN NN NN EEE RN "

200 250 300 350 400 450
ALTITUDE IN KILOMETERS

Figure 4.3.1.7-5 EOTV Climbout Drag

4.3.1.8 Cost

This section presents the DDT&E, average unit, and flight operations costs for the

selected normal growth EOTV,

DDT&E - The DDT&E for the selected EOTV is estimated to be $900M. This value was
not deteemined by use of the PCM cost model due to the lack of approprlate data base.
Instead, use was made of scaling relationships with the SEPS vehicle. In this method, the
vehicle s divided into solar-array and non-solar-array clements and the cost determined
for cach. The total DDT&E cost was the sum of these two elements.




The NDT&E cost of the solar array was found by scallng area cather than mass
because the bulk of the 100-50-250 pm array conalsts of relatively low cost glass. The

equation used was a8 followss

( 0-5
’ e - REPR ¢ % array area of EOTV x 1.2
EOTV array cost = SEPS areay cost (tixtal array ot SEDS

One-half of the EOTV array ared was used since both sides are identical. A 1.2 factor Is
applied, however; to cover integration and total system aspects of the array. The 0.9
exponent is o rule of thumb used In DDT&E estimating.

The DDT&E cost of the non-solar-array (S/A) components was found by scaling mass
in the following manners

EQOTV pan-S/A component cost

. 0.5
= SEPS non-S/A component cost (%%I;’ n“(::‘_'qs AJ\“;;?)

Although the Indicated method of calculation is not traditional, when compared with
more detalled DDT&E estimates—made for SEPS and the EOTV for SPS, the value appears
to be reasonable. The key characteristics of these vehicles and their DDT&E cost

astimates are shown below.

Vehicle Power (kW) Dry Mass (t) DDT&E ($M)
SEPS 32 1.5 200
FOTV EOTV 3 600 50.0 900
SPS EOTY 300 000 1500.0 2600

Average Unit Cost - The key fuctors used in establishing the average unit cost are shown
ln tub‘e ‘\‘.3.[.8- lo

i




=

Table 4.3.1.8-1 EOTV Unit Cost Factors

ltem Value Rationale
Production units 9 8 flight + | spare
Solar array 5!!5500/“12 Production rate of 18 000 mzlyr
(sec fig. #.3.1.5-1)

Main structure $4000/kg Composite matcrial
Distribution and - $1000/kg Mostly aluminum sheet

control
PPU $1900 TFU Scaling relative to SEPS and SP$S
Thruster $400 TFU Scaling relative to SEPS and SPS
Thermal control $3900/kg Scale to SPS

(radiator)
Tankage $400/kg Scale to chemical OTV
Avionics $10M/set Scale to chemical OTV
ACS SiM/set Scale to chemical OTV
Secondary power $5M/set Scale to chemical OTV

The resulting EQTV average unit cost breakdown Is shown In table 4.3.1:8-2. The
total cost is $361M and is comprised of $243M for the flight hardware and $118M for
related support cost (each of these is a percentage of the flight hardware cost). In the
case of the flight hardwar¢, the solar array is the most dominating element, although the

combination of PPU and thruster is also a major contributor.
Table 4.3.1.8-2 EOTV Averdage Unit Cost

@ ASSUMES 9 UNITS IN PRODUCTION RUN
@ COST IN MILLIONS
@ 1980 DOLLARS

FLIGHT HARDMWARE COST SUPPORT COST
POWER GEN. & DISTRIB., (146)
SOLAR ARRAY 132 ASSY & CHECKOUT 36
PRIMARY STRUCTURE 12 SUSTAIN, ENGR 10
DISTRIB, & CONTROL 2 TOOLING 24
SPARES 24
ELECTKIC PROPULSION (81) PROG, MGT 24
PPU 54 .
THRUSTERS 19 SUB TOTAL 118
THERMAL CONTROL P
PROP., STORAGE & FEED 1 TOTAL_COSY
STRUCT/MECHANISMS 3 $361M4
AVIONICS (10)
AUX, PROPULSION (1)
SECONDARY POWER (5)
SUB TOTAL 243
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Flight Operations Cost - The EOTV flight operations cost was judged to be 30% higher
than that assoclated with a chemical OTV. This resulted in @ value of $4M per flight. The
Increase was judged necessary to covér more command/control activity and software due
to the long trip time and relatively complex transfer trajectory.

4.3.2 Chemical OTV Definition

The chemlical OTV (COTV) to be used in the fleet comparison is the same as that
cefined throughout section 3.3 and, specifically, section 3.3.3. This Is an LO,/LH,
space-based system sized for.32 500 kg of main impulse propellant. The configuration and
key mass characteristics of the vehicle are shown in figure 4.3.2-1.

roTvYs

THAUST §TAUCTURE
ART BULKHEAD
REINFORCED
SOR ENGINE -
DISCONNECT =% - oy

ENGINE
DISCONNECTY
PLATE

-
AVIONICS
r RADIATOR

MAIN ENGINE (B}

STAGE MASE
_GHARACTERISTICS (g)

-
[ oA - 350
11 BUANOUT  =eM2
1 GROSS = 33693
‘ MASS - 0.804
L1 ] FRACTION
-1 L A ¢] 0 ALL
1] ' ~Rouwo T
N W . . 7600 UP, 5000 DN
DELIV (3 g} = 13500
[ 1] DELIV (0.29) » 13000

BALLUTE

NOZZLR

NOTE: ALL DIMENSIONS IN METERS

Figure 4.3.2-1 Space-Based OTV Configuration

This vehicle ceir be used both as a single- or two-stage OTV. The offloaded
perforinance of the vehicle is shown in figure 4.3.2-2. Wheh compared with the EOTV in
terms of propellant required for delivery of 25t, the COTV requires approximately 5ut,

while the EOTV requires 1 5t.
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Figure 4.3.2-2 Offloaded SB Loz/wz OTV Performance
4.3.3 Launch Operations
The launch system employed in the OTV fleet comparison was the basic STS and its
solid derivative cargo version with reusable payload system, as defined In section 3.3.11.
The STS had a gross payload capability of 2%t to 370 km and the SDV/SRB/RPS, a paylosad
of 60t.

Launch requirements for the 16-year mission model are presented in table 4.3,3-1
and launch system assigniments are in table 4,3,3-2,

Table 4.3.8-1 Launch Requirements
Crew Launches (112)
LEO/GEO bas¢ 64
GEO base 48
Cargo (t) EOTV + COTV  COTV Only
Manned base payloads 2 080 2 080
GEO payloads 2600 2600
EOTV propellant 1120 -
COTV propellant * 6 800 10 900
Stages 410 40
Tankers and ASE (dry) 1020 1 640
14 030 17 260

transfer losses).

*Assuines subcooled propellant storage concept (4% for propellant handling and

i e et ot .
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Table 4.9.3-2 Launch Assignmonts and Flights

STS (same as both OTV options)
Crews (8 people per flight)

Base and crew supplies 2080
GEO payloads 1220

3300t (in 112 flights)

SDV (all remaining cargo)

For EOTV + COTV fleet 10 730t = 178 flights
at 60t per flight
All COTV fleet 13 960t = 231 flights

at 60t per flight

8.3.¢ OTV Ficet Comparison
9.3.9.1 Key Factors
The key factors associated with the comparison of an OTV fleet comprised of all-
chemical OTV's versus electric plus chemical OTV's is presented in table 4.3.4-1, For
Table 4.3.4-1 Cost Comparison Key Factors

© OTV COMBINATIONS
@ EOTV FOR TRIP INSENSITIVE PAYLOADS PLUS COTV FOR ALL OTHER
PAYLOADS

® COTV FOR ALL PAYLOADS

@ PAYLOAD MANIFESTING
L] Iglg olﬁENS“‘WE PAYLOADS CAN BE MANIFESTED ON A COTV.THE SAME

@ ALL-OTHER PAYLOADS TRANSPORTED INDIVIDUALLY
¢ KEY CHARAUTERISTICS

€OYY » COTY COvY
OV RGNS
oy s -
oV i &0
OIVRD UNTS |
wow 8 - $ 360 MAUNIT)
(1) ] v {~$30 W/ UNIT)
LALNCH FLIGHTS
(4] " "w ( CREVS, LOGESTHS, 40% PAYLOADS |
SIVAYE m m (G PAYLOADE, FROP, VEHICLES)

' - WEAROUT ONLY

215

o
]
f)
C



ORIGINAL PAGE 13
OF POOR QUALITY.

sake of simplicity, it was assumed that the 25t of payload dellvered by an EOTV could also
be delivered by a COTV. Consequently, both flecet options involved a total of 266 OTV
flights. In the all=COTV option, a total of 136 flights require two stages. The COTV used
in the mixed fleet Involved-63 flights using two stages

The.number of production units reflect wearout and backup rieceds, Wearout Is based
on the total number.of stage flights and a design life of 45 flights for COTV and 10 flights
for the EOTV. One backup stage Is included for the COTV, Elght EOTV's are necessary
from the delivery rate stani:lpolnt and provide the capability for 80 flights. Orly 73 flights
are required 30, In.effect, an extra or backup unit is provided in terms of flight capability.

The number. of launch flights was determined In the preceding section.

4.3.4.2 Lite Cycle Cost

A summary of the total transportation cost assoclated with the.two-fleet options Is
presented In flgure 4.3.4-1. When compared for the total rnlisslon.model, the all-COTV
option provided a savings of approximately $3 billion or 23%. This savings results from
lower DDT&E, considerably less production cost, and no delta interest cost, which more
than offsets higher launch operations cost. The right-hand plot presents the cost related

© 1880 DOLLARS
 EXCLUDES PAYLOAD LAUNCH
TOTAL HIGH MISSION MODEL TRIP INSENSITIVE MISSIONS
© 73 FLIGHTS, 28 MT EACH
o L 2670 1600
o] O INTEREST 8

&\% o 4 INTEREST

AN

B
2

18 cooe : ODE
CPERATIONS g i “E.Em“’
LAUNCH 2b
‘ ——PRODUCTION | ™ TANKER
IE o DOTE ; otV
> corv oYV COTV
Figure 4.3.4-1 Narmal Growth Transportation Life Cycle Cost Summary-—Elactric
Versus Chemical OTV's

216

e PR e .

3
|
)
|
)
P
!
R

P S R .




b S

only to the trip Insensitive payloads (73 flights) and emphasizes the differences In terms
of hardware clement. The high cost of the EOTV Is clearly the key factor In the $3 billlon
deficlt.
A breakdown of the costs associated with the total mission model Is shown.dn
table 4.3.4-2. In terms of DDT&E, the difference is a result of developing the EOTV, The
Table 4.9.4-2 Complete FOTV High Mission Model Transportation Cost Summary

© COST IN MILLIONG
EOTV ¢ COTV ALL COTV +1090 DOLLARS
SO, (9140) (2240)
goYvV 000 -
cotv 700 700
TANKER 440 40 )
SDV/RPS 1100 1100 A ]
so¢ T80 THD .
LRODUCTION (3408) (638) :
EOTV 2760 -
corv 210 360 ‘
TANKER 7 126 :
SDV/RPS 489 450
so¢ T80 T8D
OPERATIONS {8020) (82065) ;
EOTV 280 -
cotv 660 780
TANKER 130 210
SDV/RPS (LAUNCH) 3905 6080
soc 78D 180
8T8 (LAUNCH) 3136 N
OTHER SUBTOTAL 14656 12330
TRIP YIME UNTEREST) (606 t=)
TOTAL 16200 %480

production cost difference is dominated by the high cost assoclated with the EOTV.
Launch costs are less with the mixed fleet, primarily because less total propellant Is
required and, thus, 50 fewer flights of the SDV. Again, a $3 billion net difference exists
between the fleets. From a front-end-cost standpoint (DDT&E plus one-half of
production), the all-COTV fleet would have a cost advantage of over $2 billion.

4.3.4.3 Sensitivity to EOTV-Compatible Payloads

As a sensitivity to the basic fleet comparison, consideration was given to arbitrarily
doubling the number of trip insensitive payload flights. Since this generally meant more
large platforms, more STS launches were required to support their construction. Addi-
tional EOTV flights also meant more units, which reduced the average unit cost.
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The results of this comparison are shown-in figure 4.3.4-2, For this case, the all-
COTV flect Increases lts cost advantage to $4.9 billlon; however, the percentage
ditference Is still 25%. The ehange In cest o€curs as a result of the Increased delta in
launch eost for the all-COTV-fleet, but It Is more than offset by the cost delta asseclated
with the production cest of the EOTV and lts trip time Interest cost.

KEY_CHANGES
@ PAYLOAD 73-+140 FLYS

® PAYLOAD 1800 =» 3600 MT
® STS LAUNCHES 112 «+180

@ EOTV UNIT COST $360 ~» §280M
Ut~
OTHE
ol . IN‘&HE&T
¢ 5TS LAUNCH
¢ OTV OP$
wpe «q  ® TANKER OPS
g " o> OTV PRODUCTION
7
§ 12p /4= 0 SOV LAUNCH
MODEL
’ COST
0

EOTV cowv
+ ONLY
cotv

Figure 4.3.4-2 Sensitivity to EOTV-Compatible Payloads
4.3.0.% Conclusions
Based on transportation life cycle cost considerations, when both options use normal
growth technology, an all<chemical OTV fleet provides a significant advantage over a
fleet consisting of electric and chemical OTV's for a inission module composed primarily

of GEO payloads.

8.0 ACCELERATED TECHNOLOGY VEHICLES

This section ldentifles the improvements assumed for accelerated technology,
characterizes and comnpares the system design options, and reassesses the OTV flect
comparison using the best possible EOTV,

The major emphasis of this analysis was the definition of an accelerated technology
EOTV. Specifically, the goal was to try to reduce the unit cost of the system. Based on
the resultd of the normal growth analysis, the key to achieving this goal was to
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considerably reduce tho cost contribution of the solar array through the wse of aceel-
erated technology.

8.0.1 Aceelcraied Technalogy Projections

Accelerated technology projections pertalning to the solar array focused on twoe
areass (1) lmpreved solar colls in teems of performance and/or cost and (2) selar array
anncaling which would effectively reduce the amount of oversizing required and thus the
cost. The projections for these two areas are described in the following paragraphs.

4.8.1.1 Seolar Cells

Survey of the literatureé reveals a wide varlety of advanced cells are belng
investigated by the photovoltaic industry, Some of these include gallium arsenide (GaAs),
vertical junction silicon, multiband gap (tandem) cells, and thin fllms (currently cons
sldered for terrestrial application). Consideration of an advanced cell for EOTV
application, however; requires its characterization in terms of perfortnance, radlation
sensitlvity, annealabllity, and cost. Based on this criteria and the existing data base, only
the GaAs cell was judged to be adequately (marginally) characterized. Accordingly, the
only accelerated technology cell to be used in analyzing accelerated technology EOTV's Is
GaAs. ‘

The key characteristics projected for the GaAs cell (1990 readiness date) are as
follows:

l.  Efficlency: 18%
This reflects the overall average associated with automated production of very large
quantities.

2.  Thickness: 50 ym (2 mil)
Current cells are In the 200-250 um (8-10 mil) range. SPS studies indicated thin
film cells on the order of 5-10 i in thickness; however these were judged to be not
avallable for 1990,

3. Junction depth: 0.3 ym
Ranges of 0.3 to L.Oum have been considered; however, the lower value con-
slderably improves radiation resistivity,

4,  Size: 5x 5¢cm
Today, 2~ x 2-am cells are being produced. As In the case of silicon cells, a larger
size Is possible with Improved manufacturing techniques.

219




:
J
a

A

Lt e e st e B T e 0

—p

ORIGINAL PACE 19
OF PGOR QW’.\M [k}

5% Mass: 4.8 gm/mzlum of thickness
GaAs lo approximately twice- the denslty of a sllicon cell. Rased on a 75-30-30 ym_____
blanket, the GoAs array ls 340 gm/m versus 427 gm/m for silleon.

6  Costs gee flgure bb.l-1
Bascd on Infermation In refercnce 17, today's GoAs cells cest $3/cm morc than
silleon eells. It was also stated that larger quantitics (not specified) would roduce
the eost difference to only Sllcmz. Other elements of an array, such as coverglass
and substrate, could be the same as for the silicon cell array. Tharefore, uaing the
lowest indicated GaAs cell cost, the total array results In 1.3 times the cost of a
silicon array for the same glven annual production rute.

7. Radiation sensitivitys (see fig. 4.3.1.3-8)
These data Indicate that for one round trip, the GaAs cell will have a P/Po of 0.52
versus 0,42 for the silicon array when both use a 75-50-50 um blanket.

e,

6l 7 JODAY ()}
I 8MIL, 2 x 2
; e ~ -~ FOTV (GuAs) >
\ \ 2 MiL, B 16
g .
-~ N
5 2}- ~ Sssow
~ ~
N 0N ~
8 FOTV (S S\ (8BS
z 2MILBXE S\ N
g ™~ n(S40MIN |
a [E> 70% REDUCTION RATE N
g [E> 1.8 TIMES 8 CELL COST ™~
4i.. l—EXPECT RANGE )
3 [ M ] s b adal " |
w 2 4 ¢ 810! 2

PRODUCTION RATE (SQ. W/ YR).
Figure 4.4.1-1 Soldr Array Cost

8.9.1.2 Amncaling

Backpround - An alternative to heavy shielding to minimize array degradation s that of
thermal annealing. Stated simiply, this means subjecting the Irtadlated solar cells to
elevated temperatures for certain durations with the result being the removal.of a portion
of the damage and, thus, restoration of the power output. This concept Is illustrated In
figure 4.4.1-2 using an EOTV with a 75-50-50 um silicon array. During one round teip,
the array recelves a fluence of 10” of 1-MeV electron equivalence; resulting In a power
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Figure 4.4.1-2 Radiation/Annealing/Power Relationships

decay to about 40% of the Initial output. if the annealing operation removes.all but 19
(assumed) of the displacement damage (used synonomously with fluence), a fluence of
1015 will remaln in the array and the power output will be restored to 80% of the Initlal
output. Power output after subsequent degradations and annealings can be found by
repeating the indicated technique. A key factor, howéver, is that the amount of fluence
(damage) which cannot be removed by a given annealing ls additive to the amount
recelved on the next trip. In other words, the damage gradually accumulates even after
annealing.

The key lssue involved in the annealing operation is not whether it works but the
degree of its effectiveness In terms of how much damage (fluence) Is removed.
Projections regarding effectiveness are somewhat difficult to obtaln since very limited
data are avallable for proton damage In silicon cells—dnd even less in GaAs cells. This is
particularly true in the case of low-energy proton damage In GaAs cells. This areaisa
major concem since the GaAs cells generally have shallow active reglons, which is where
the majority of the damage occurs with this type of proton. It probably ls also worthwille
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to reestablish the concept that solar cells will experlence low-energy protons during an
orbit transfer (originally discussed in section 4.3.1.3). This occurs because & glven
coverglass can stop incident protons up to a glven energy level, but protons of higher
energy levels can penetrate the glass and enter the cell with lower energy levels.
Therefore, since the LEO-GEO proton environment contalns a wide energy spectrum, low-
energy particles are always assured of reaching the cell.

Effectiveness - The annealing effectiveness assumed for this study Is shown in figure

4.4.1-3 for several cell types and operating conditions. In_general, the values Indicated
are based on extrapolations made from data presented in references 18 through 2i.

@ FRACTION OF gessﬁ (PLUENCE)

105~
__ © FLUENCE PER TRIP
A 21017 1My
sl ELECTRON EQUIV.
2 L
g G- 126
. CONTINUOUS
3 L u
[T a=
2 gy 126%C
| 1WA CONTINUOUS
s

CELL S Safs Qe Gl
ANNEAL POST (LIKELY) (BEST POSS.)

= APOLATE& RO&};#PEHS IN

EXT F
wao"eeev PECIA [}
AND 1880 L‘Y%c HEcRDLOONFgﬁNEISg NCe

Figure 4.4.1-3 Assumed Shielding Eff activeness

In the case of a silicon cell, a postflight annealing approach Is indicated, which
means the amnealing occurs after the total damage for one trip has been recelived.
Investigations discussed In reference 18 found that cells exposed to 7x lO“ plcm2
(250 keV) could be annealed so fio more than 5% of the damage remained if a temperature
of 375°C and 40 min were used. Annealing could occur even faster at 0000°C; however,
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conecern was expressed regacding thermal damagoe to the cell. The 1% damage reamining
value Is based on oxtending (exteapolating) the anncaling time out to 50 to 60 min at
375°C.

Postflight amealing Is also lndicated for a GaAs cell with the result being that 10%
of the defects remaln after annealing for 2hr at 300°C. This value was derived by
extrapoluting data presented In reforence 19 to reflect a-proton environment shinilar to
that used in the silicon annedling test described previously. The apparent difference In
annealing effectiveness between GaAs and silicon gells involves a varlety of factors, with
one of the most significant being that GaAs defects arc more complex.

Several continuous annesting operations are also Indicated for the GaAs cell. This
method of anneallng involves operatity the. cell at a-hotter temperature than would be
desired from an efficiency standpoint, but the benefit is that not so much damage occurs.
Temperatures on the order of 125°C have been successful in preventing damage caused by
electrons, according to reference 20. Removal or prevention of proton damage, however,
may require higher temperatures. Such an approach is not used with silicon cells because
thelr officiencles suffer considerably at these temperaturds. GaAs cells, however, are
less sensitive and, therefore, are candidates for continuous operation at elevated
temperatures. Use of a CR = 2 design can result in array temperatures on the order of
125°C.

The GaAs continuous case lndicated as most likely shows 5% of the defects (fluence)

remalning. This value was influenced to a large degree by data presented in reference 21.
Extrapolation of these data for the type of proton envirohment discussed previously

indicated on Improvement over a no-anncaling situation of approximately 10 to 12 points
in P/Po. This, in turn, translated into recelving a fluence approximately 5% as large as
that norimaliy experienced.

A best possible GaAs value of 1% damage remalning Is also suggested. This
improvement was judged a possibility since the lrradiation of the test cells discussed In
veference 20 took place in 1 hr, which was much more rapid that that which would
normally occur during a flight. Offsetting this factor, however, was the conslderation
that the anncaling temperatures utillzod in feference 20 were 150°C to 200°C.  Temper-
atures avallable with the CR = 2 design would not be higher than 125°C; consequently, the
anncallhg may not be us effective.

th summary and as indicated above, considerable extrapolation had to be done to
make projections relative to annealing effectiveness, particularly in the case of GaAs
cells.  Any firm conclusions regarding this operation should certainly awalt test data
which more closely simulate the environment in terms of the fluence and rate for
applicable combinations of protons.
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Bencfit - As Indicated previously, the real benefit of annealing ls that It reduces the
oversglizing of the array. To lllustrate the beneflt, an EOTV with a 75-50-50 um silicon
array is used for 10 flights, as shown In figure 4.4.1-4. Although the power ratlo drops

1.0
@ 768080 (um) BLANKET
8 | REMAINING AFTER EACH
* RNEING
° 1&1 DAYS UP/4B DAYS DOWN EACH
TRIP
8L
POWER AFTER ANNEALING
2Lk /g
PiPo l; |
0 I /
N , AVG. POWER
N / (USED FOR SIZING) Vs 0.22
8 ., N A - WITHOUT ANNEALING
bl . &= — -
. —- 59-
. |- | R -
K v * * é .
; Lwowaa AFTER TAIP N
o N} A [} i I I & 'l 34
1 ) 3 4 ) ¢ 7 [ ° 10
TRIP NUMBER

Figure 4.4.1-4 Benefit of Solar Array Annealing—Silicon Cells

down to nearly 0.4 each flight, annealing returns the ratio to a respectable level to begin
the following flight. The key factor, however, I$ the average power (based on mission
time) that is available for sizing the array remains relatively high. In this case, the sizing
power ratio for completing 10 trips is 0.45 versus 0.22 if annealing is not performed,
which means the size of the array is reduced by more than 50%. This same approach is
used with the other annealing concepts discussed in the preceding paragraph. The power
ratios of all concepts Iinvestigated are presented In section 4.4.2.

Implications - Although a benefit can result through annealing; It must also be pointed out
that there are some implications. In the case of a planar array (CR = 1), several factors
merit consideration. First there must be a means to elevate the array temperatures to
those required. The SP3 studles consldered the use of laser devices which were attached
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to gantries that moved across the array. Other studies have consldered a greenhouse
approach; however, reaching the required temperatures may prove difficult, At this point
it will be stated that the mass to cover the annealing devices and thelr cost have not been

Included in the analysis. As will be indicated in the final flect-comparison, however, the —
exclusion of these¢ items would not alter the outcome. Another factor which applies to a

silicon array is artay characteristics themselves. Most important Is the nced to develop
cells that can withstand 350°C to 400°C temperatures without being thermally damaged.
Also related to the temperature is the need for electrostatic bonding of thin coverglasses
to cells, rather than use of adhesives which could lead to outgassing. Progress has been
made in this area during the last several years.

The GaAs array has the best potential and does not require an external annealing
source if use is made of a concentrated design (CR = 2). “is concept In itself represents
design and construction ¢hallenges not present in a planar array. Coverglass attachment
also must be addressed with this cell.

8.4.2 System Options
¢.4.2.]1 Characterization

The accelerated techrvlogy EOTV system options investigated were oriented to take
advantage of the cell improvements and various annealing options. Three basic options_
were considercd:

1. Option 1: silicon array with post-annealing—Both a 75-50-50 ym array (Option 1A)
and a 300-50-250 um array (Option-1B) were included to determine if annealing
would make use of the lightweight array imore beneficial.

2,  Option 2: GaAs array with annealing—Two different annealing options were to be
assessed when using the higher performance array: postflight annealing (Option 2A)
and continuous annealing (Option 2B).

3. Option 3: most optimistic GaAs EOTV-This option would determine the effects of
the most optimistic projections ih technology and design features through use of
higher performance cells, direct drive (minimum power processing), high beam
current, and improved continuous annealing.

The principal performance and cost features of these options are shown in
table 4.4.2-1. Differences relative to the normal growth technology EOTV are empha-
sized. All optiohs continued t¢ use 50-cm argon lon thrusters, similar contiguration
arrangements, and were to be optimized over a range of trip times and specific impulses.
A brief discussion of the key features relative to the normal technology vehicle follows.
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Table 4.4.2-1 Aceclerated Technology Flectric OTV'a Key Assumptions

ACCCLERATED TECHNOLOGY
PARAMETER  ____INORM.TECH.] OFT.1A 0T, 18 OPT. 2A O, 20 or1.3

e CELL TYPE BILICON v v Gar GaAs GoAs
© BLANKET (um) 30080260 | 768060 v 766050 768080 | 7680860

(COVER-CELL-SUBST)
© CONCEN. RATIO 1 v v v 2 2
@ CELL EFP (AMO 25°C) 10 v v 10 10 20
® POWER OUTPUT (W/M3) [+ 1 v v 210 42 380
® PWR GEN (KQ/KW) [ix> 10.4 40 104 43 kX ] 7
® ANNEALING NO pOST POST POST | CONTINUOUS eommuome
¢ %@#‘%&.ﬁﬁ’#““‘““ ;

EOF THIP FLUENCE) 1% 1 ' 10 s !
® P/Fo AETER 10th TRIP (%) ® @ 70 63 63 2]
© PWHR PROCESS (KG/KW) LY v v v v 18
o NOH . v 1.8 1 18

R b o Y :

[ BOL REFLECTING ALL EXPECTED LOSSES EXCEPT RADIATION (5> SOLAR ARRAY, STRUCTURE &
[V~ 180 DAYS UP/4B DAYS DOWN DISTRIBUTION
v SAME AS NORMAL TECH.

Option 1A, using a lightweight-silicon cell array, provides a lower specific mass for
the power gereration system. Annealing of the array imptoves the power ratio to a value
greater than that provided by the heavy shielded normal technology vehicle. Option 1B
also uses silicon cells, but heavy shielding, and with ahnealing improves the power ratio
to 0.70.

Option 2A, using higher performing GaAs cells, has an improved power output. The
specific mass of this planar array is higher than that of the silicon array because of the
heavier cell. The annealing effectiveness of this option is not as good as that provided by
the corresponding silicon aption (1A), but this is offset by the fact that the GaAs cell did
not degrade as much for a given amount of radlation. Cost for a given size array will be
50% greater than for silicon. Use of a CR = 2 design, as in Option 2B, considerably
improves the power output. The specific mass of the power generatlon system (PGS) is
lower than thie planar array GaAs system (Option 2A) by the same ratio as was used in the
normal growth vehicle analysis. The power ratio for Option 2B is higher because of the
more effective annealing that is assumed.

Option 3 is the most optimistic design considered. This systein includes a 20%
efficient cell, which gives a higher power output; an annciding effectiveness, which
results in the highest power ratio; direct drive, which means power s obtalned directly
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from the array und supplled to the thruster screens to reduce the ainount of power
processings and a thruster deslgn approach, which allows a beam current of 20A to be
used, resulting In more thrust for a given Isp while still satisfying burn-lifc constraints.

4.8.2.2 Optimization

The optimization technique employed was the same as that used In the normal
gtowth vehicles. A key point of interest was whether the higher orformance and
annealable GaAs option would optimize differently than the normal growth vehicles.

The results of the optimization for Option 2A (GaAs with 75-50-50 array and
postflight annealing) are shown in figure 4.4.2-1. The left-hand plot indicates an optimum

o 78-60.860 ARRAY (5% ANNEALING EFFECTIVENESS)
o 10 FLIGHTS
o PAYLOAD = 26MYV/FLY

) * Igp > 6000 tsc. sy ® 100 DAY UP TIME
TOTAL ,
§ o} 2o - :
E INTEREST § INTEREST
200 } 200 LAUNCH
wol FLT NiDwW 1ol FLY HADW |
.
OLA I A A A A obl (1 N 'y 3
o 2 160 200 260 260 0 4 [} ) 1 0
UP TRIP (DAYS) tgp 1107 sec)
Figure 4.4.2-1 GaAs EOTV Cost Optimization
transfer time of 190 to 220 days as compared with 240 days for the normal nonannealable

silicon growth vehicles. With a reference trip time of 180 days, as shown on the right-
hand plot, the optimum Isp appears to be 8000 rather than 6000 sec, as occurred with the
normal growth vehicles. Therefore, the higher power output vehicle with anncaling
optimizes at faster trip times and higher Isp than normal growth vehicles.

Optimization of the other GaAs options had similar characteristics. The anncalable
silicon options, however, still optimized at trip times near 240 days and 6000 sec.

_ -
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8.4.3 Accelerated Versus Normial Growth EOTV

The ¢comparison of EOTV's using accelerated versus normal growth technology was
again performed for the case of ene design life or 10 flights, Because cost optimizations
have shown only small differences for trlp times hetween 180-220 days and Isp between
6000-8000 sec, the lower values were used for the comparison points. The EOTV concept
found-to have the best characteristics would then be used In another assessment of the
OTYV fleet-options.

The required array area for the accelerated technology ECTV options is presented in
figure 4,4.3-1, All accelerated technology vehicle concepts show an improvement over

s ig= 6000

o. TRIP UP = 180 DAYS
e EOL SIZING (10 FLIGHTS)

20 -
w6}
%’ 0} REFLECTOR
> AREA
-
-
a b
)
NORM.TECH  OPT.9A OPT.1B  OPT.3A OPT.28 0PT.3
CELL v Shosozmo  JboS0 0080260  JeE0E0 768060 Setbn
um
ANNEAL NO POST POST pOST CONT. (6%)  CONT. (1%)

Figure 4.4.3-1 Area Comparison

the normal growth vehicle. Another point of Intérest is that the GaAs options (2A and 2B)
require less array area than the heavy shielded silicon option (1B), even though the latter
had a higher power ratio. This occurs primarily because the GaAs optiohs have higher
power output per unit area and less vehicle mass. A considerable Improvement in actlve
array also is seen when using the continuous annealing approach rather than post-
annealing (Option 2B versus 2A).

The mass comparison of the options is shown in figure 4.4.3-2, Some of the key
observations are as follows. Al options considerably reduce the mass relative to the
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Figure 4.4.3-2 Mass Comparison

normal growth vehicle. This occurs primarily because the higher power ratios avallable
with annealing result In smaller arrays which, in turn, reduce the propellant requirement.
A final point of interest is that although the heavy shielded option (1B) requires less array
area than the lightweight array option (1A), it requires considerably more total mass,
primarily due to the propellant requirement.

The cost comparison of the accelerated technology options is presented in figure
4.4.3-3, Again, all options offer considerable Improvements over the normal growth
vehicle, primarily as a result of smaller solar arrays which, in turn, reduce the amount of
electric propulsion.

In the case of the silicon options, when annealing is incorporated, the lightweight
array provides an advantage over the heavy shielded option primarily due to less launch
cost. The advantage of a 5% delta In annealing effectiveness of the continuous annealing
GaAs EOTV (Option 2B) over the post-annealable GaAs EOTV (Option 2A) escalated to an
approximate 14% advantage in terms of cost, which clearly indicates the leverage for
continuous annealing if it is technically feasible. The GaAs Option 2B, however, only
provides a small cost margin over thé lightwelght silicon option since its cost per unit
area offsets a smaller required area.
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\ Option 3, which used the most optimistic performance assumptions, resulted in the 4

z least-cost system. Since this option used the same degree of annealing effectiveness and 1

E;} array thickness as the lightwelght silicon option, the advantage of Option 3 can be related

to its higher array performance offsetting its greater specific mass.

A comparison of only the least-cost accelerated technology vehicle and the normal
growth EOTV is shown In figure 4.4.3-4. This comparison involves the most optimistic
GaAs EOTV (Option 3) and the nonannealable heavy shielded silicon EOTV. The
advantages assoclated with the accelerated system are significant because a high degree
of annealing is avallable. The BOL power is only 25% that necessary for the normal
growth vehicle. The array area requirement is only 16% as large due to the higher power
'_'57, resulting from more efficient cell and a concentrated design. Dry weight is considerably

: reduced because the annealing approach takes the place of the heavy shiclding. The
average unit cost is reduced by 50%. This reduction Is not as large as that indicated for
the other parameters because the GaAs array has a higher cost per square meter. In
sumimary, the advantages of this accelerated technology option appear significant enough
to offset, temporarily, the concerns associated with some of its optimistic design and
performance features. Consequently Option 3 will be used to reassess a mixed OTV fleet
(electric plus chemical OTV's) versus an all-chemical OTV fleet.
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Figure 4.4.3-4 Accelerated Versus Norntal Technology Electric OTV

§.4.% OTV Fleet Cost Compuarison

Two OTV fleet options are compared. One option uses a mixed fleet consisting of
the selected accelerated technology EOTV for trip time insensitive payloads and a normal
growth technology I.OZILH2 OTV tor high-priority cargo. The second option involves the
use of the normal growth LO,/LH, OTV for all payloads. The number of OTV flights for
each vehicle Is the same as defined In the normal growth comparison of section 4.3.4.

The cost compatison of the two OTV fleet options when performing the total mission
model is summarized In figure 4.4.4-1.

The left-hand plot is for the case of using the reference launch cost for the SDV
($22M/tlight). In this comparison, the mixed fleet using an accelerated technology EOTV
shows a reduction of $2B or 14% as compared with the mixed fleet using the normal
growth EOTV. This occurs as a result of there being nearly a 50% reduction in EOTV
DDT&E and production costs and a 10% reduction in SDV launch costs. When compared
with the all-chemical fleet, however, the cost of the best mixed fleet is still 5% higher.
A further breakdown of the cost Is provided in table 4.4.4-1.

The right-hand plot presents a cost sensitivity in terms of a 50% Increase In cost per
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flight for the launch aystems. Although this value appears rather drbltrary, It actually
reflects a more up-to-date (1981) cost projection for the solid propellant used by the
SRB's. Conseguuatly, the Increase affects both the STS and SDV. With this sensitivity,
the mixed fleet with the high-performance EOTV shows less impact than the all-chemlical
fleet 1o tho oxtont-that-the total transportation.cost becomes essentlally equal.

Several other cost factors should be taken Into conslderation, however, regarding
elther method of comparison: In the case of the EOTV, costs have not been included for
the followings

. R&D to achleve the design and performance features ldentified for the most
optimistic EOTV

2, Construction costs (SOC users charge)-a total of at least eight EOTV's

3.  Cost impact on EOTV payloads that require radiation protection

Cost varlations could also occur with the chemical OTV. In this case, the change
could be 2 reduction if an accelerated technology vehicle using LleLHZ was employed.
A cost reduction would occur in both fleets but would be most significant for the all-
chemlcal fleet.

In summary, the potential additions and deletions that could occur In the cost
comparison tend to substantiate the belief that an all-chemical OTV fleet contributes to
the achievement of the least transportation cost within the constralnts of the analysis.

4.4.3 EOTV Utilization for GEO Refueling

An EOTV in a mixed fieet could also be used to transport propellant for later use
by the l..ozll.t'lz OTV. This mode Is sometimes referred to as GEO refueling. The
operations assoclated with this concept are as follows. The LO,/LH, OTV's would be
sized only for GEO delivery requirements. Upon reaching GEO, thelr propellant would be
essentially depleted (excluding reserves). A propellant storage facility would be available
at GEO, however, to provide propellant for the return to LEO. In this manner, the
LO,/LH, OTV can be physically smaller than if designed to carry propellant for the
complete trip. The potential benefit in this approach Is that less propellant needs to be
launched. Delivery of the propellant to the GEO storage facility would be done with the
high-performance EOTV. The key Issue in this approach is whether the savings in launch
cost would offset the cost of propellant delivery by the EOTV,

A key consideration in this concept Is how many chemical OTV flights could really
be benefited. Several factors are involved in establishing this number. First, the OTV

233




flights which would benetlt meost are those lnvolving round trip payloads beécause they
reguire largor ameunts of return propellant than dellvery-enly miaslons. Secondly, the
OTV's GEO operations must Include a stop at the.-refueling facllity which meat liely
would be located ot manned GEO bases, The misslonig which best flt these erlterla are
these of crew rotation and resupply for the twe GEO bases In the mission-modol. Payload-
delivery-only OTV flights to GEO weuld generally go to locatlons other thon the-bases,
Even 1f these OTV's would mancuver to the propellant facllity for_refucllng, there would
be little savings since without a return payload, very little propellant s required when
using acroagsist (typlcally only 3t), Therefore, the payload-dellvery-only misslong- are
judged to be noncandidates for GEO refucling. The OTV flights that appear to be the best
candidates for GEO refuellng are those with round trlp payloads.

The comparison of GEO and LEO refueling was done using the selected accelerated
technology EOTV defined In sectlon 4.4.3. The propellant and launch requirements of the
GEO and LEO refueling option are shown in table 4.4,5-1, Propellant requirements for the
chemical OTV using GEO refueling reilect a stage sized essentlally as an expendable
vehicle because propellant for the return Is provided after reaching GEO. The-GEO
propellant-delivery requirements for the EOTV are those of the return propellant for the
chemical OTV, amounting to 56 t/yr and resulting in the need for two EOTV flights per
year. The total mission model chemical progellant savings ls 1984¢, but this s partially
offset by the need to launch EOTV-type propellant. The net result Is an 1824t reduction
in propellant to be launched, which translates Into 35 fewer SDV launches.

The cost of GEO refueling relative to LEO refueling is shown in table 4.4.5-2. Three
extra EOTV's are required during the mission model to satisfy the delivery requirements
when using GEO refueling. The cost of these vehicles Is $540 milllon. Launch cost
savings are $7¢8 milllon, resulting In a net savings of $208 million out of a total
transportation cost of approximately $13 billien. It should be noted, however, that several
costs have not been Included in the GEO refueling concept. Most notable of these are for
the propellant storage facllities at GEO and the means used to minimize bolloff during the
180-day transfer to GEO.

If the above savings were included in the fleet cost comparison of section 4.b.4, the
cost ditference between the fleets would be reduced to approximately $500 million out of
a total of nearly $13 billion, with the all-chemical OTV still having the least cost.

In summaty, it docs not appear that GEO refueling provideés sufflclent cost beneflts
to offset the operational complexity. The major factor which contributes to the indicated
results and conclusion is that the chemical OTV's use aeroassist for return to LEO and
thus significantly reduce the amount of required return propellant. Another factor |3 that
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Table 4.4.5-2 GEQ Versus LEO.Refualing Cost
EQTV unlt cost

Flights per year: 2
Flights In misslon nrodels 32
Flights per vehicle: 10
Véehicles neededi 3 at $180 million

= $340 million

SDV launch ¢ost

Propellant savings: 35 flights
Extra EOTV's: <1 flight
Net savings = 34 flights
at $22 million per flight

= $748 million

Net cost
Launch savings: $748 million
EOTV unit cost: $540 million
Savings $208 million

there are not a large number of round trip payloads which benefit from this concept.
These two factors are different from the Boeing SPS analysis, which assumed all-
propulsive OTV's, involved large numbers of heavy round trip payloads (crew rotation and
resupply), and did cost justity GEO refueling,- it Is judged, however, that the SPS scenarlo
is considerably removed from space scenarlos now projected for the next 20 to 25 years.
The recommended approach for refueling chemical OTV's that are used in a mixed-fleet

mode with EOTV's continues to be LEO refueling. As such, the overall transportation cost .

for the mixed-fleet would be essentially the same as that indicated in section 4.4.4,

4.5 FINDINGS

A summary of the principal findings resulting from the comparison of electric and
chemical OTV's is presented below. These findings only apply when viewed In tertms of the
guidelines and assumptions which were used. Most significant of these were that
applications were for carge missions betweeri LEO and GEO and that comparisons should
be done In the context of total transportation system requirements.
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2.

3.

4.

5.

6.

An allnl,,Gz/LH2 OTV fleet s a clear winner. Mixed fleots Involving BOTV's do not
pravide cost or operational benefits, This was true with normal growth EOTV's
(+24% LCC) and accelerated technology EOTV's (+3%) for GEO payload mission
models up to 300 t/yr. Launch costs would have to Incredse by at least 50% before a
mixed flcet {with accelcrated technology OTV's) could provide approximately the
same cost as the all-chemical fleet.

Use of EOTV's for GEO refueling of chemical OTV's does not provide a cost benefit
relative to LEO refueling.

Accelerated technology has a payoff for EOTV's, The most significant Improvement
was that of annealing which reduced EOTV LCC by 50%. Annealing etfectiveness s
still an open issue.

Annealable silicon and GaAs arrays result in comparable EOTV costs. Lower
performance and higher radlation sensitivity of the silicon array were offset by
annealing and lower costs per unit area.

Solar cell cost prediction is speculative. This applies to large quantities (5000 to
10 000 mzlyr). GaAs cell costs have greater uncertainty than silicon.

EOTV utllization has major uncertainties. Key concerns include design life as
affected by radiation and payload exposure to radiation.
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5.6 RECOMMENDATIONS
The recommendations resulting from the EOTV detinitlon and OTV fleet comparison

must also be viewed within the conatralnts of the study guldelines and assumptlens.

. Give no further consideratien to photovoltalc (silicon ef GaAs) EOTV's for GEO
cargo delivery. An exception would be if there Is some major deviation In the
assumed performance or costing of these systems.

2.  Focus on lmproving performance and operational capabllities of a space-based
reusable LO,/LH, OTV. Misslon models of the size Investigated could justity
accelerated technology refueling concepts and, potentlally, LFZ/LHz systems.

3. Focus any further EOTV technology on radiation and cost data.

a.

b.

238

Conduct extensive radlation/annealing analyses includings

(1) Development of radiation tests which use rates related to cost-effective
teip times (180 days).

(2) Multiple annealings of cells with- radiation degradation comparable to
that recelved in one round trip.

(3) Development of a comimon presentation format.

Obtaln radiation and cost data on advanced cells identified by this study but

not included In the analysis.

Assess design-life limits due to multiple ttlps between LEO and GEO.

Develop cost data associated with large quantities of solar cells (5000 to

10 000 m2/yr)s

Improve cost prediction of thin (2-mil) GaAs cells.
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